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During the last year, we finished our work on electronic imaging. We have .....

developed a new type of acoustic microscope which is capable'of measuring...

both the phase and amplitude of an acoustic wave. With this system, we...

have been able to measure the thickness of films of a few thousand Angstroms

thick using a 50 MOiz microscope with an acoustic wavelength in water of 3Ou-m. ,f) 1r_-it

An interesting feature has been that we can now measure the amplitude and

phase of the V(z) curves (the variation in the amplitude of the signal received

at the microscope determined as a function of the distance z of the surface

of-the so.lid object from the focus). The two papers on this subject to be

published in the IEEE Ultrasonic Transactions in April 1985 form part of the

/Ppendix of this report. During the year we have begun to work on a new

type of scanning optical microscope which uses a Bragg cell to scan an optical

beam. -Ouilearly results indicate that we can measure the thickness of trans-

parent and opaque films to accuracies.
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APPLICATION OF NONDESTRUCTIVE TESTING TECHNIQUES TO MATERIALS TESTING

by

G. S. Kino

SYNTHETIC APERTURE IMAGING

During the last year, we finished our work on electronic imaging. This

culminated in a Ph.D. thesis by Kent Peterson, "Real-Time Digital Synthetic-

Aperture Image Reconstruction." We wrote an invited paper for the Special

Issue on Digital Imaging of the IEEE Transactions on Sonics and Ultrasonics,

"Real-Time Digital Image Reconstruction: A Description of Imaging Hardware

and an Analysis of Quantization Errors," by D. K. Peterson and G. S. Kino.

This work summarized a body of theory developed to determine the sidelobe,

grating lobe, and digital errors that occur in synthetic aperture imaging and

other imaging systems. The results, which are confirmed by experiments, are

fundamental to the design of all computer processed imaging systems. The

paper is included as an Appendix of this report.

ACOUSTIC MICROSCROPY

We have developed a new type of acoustic microscope which is capable of

measuring both the phase and amplitude of an acoustic wave. By using short

tone bursts, we can separately measure the phase delay of the Rayleigh wave

induced on a solid substrate, and the phase of the specular reflection from

the substrate. Since we can measure phase to an accuracy of 0.10 , it is

possible to measure changes in height to an accuracy of better than a thou-

sandth of a wavelength.
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With this system, we have been able to measure the thickness of films of

a few thousand Angstroms thick using a 50 MHz microscope with an acoustic

wavelength in water of 30 um . We have also used the device to determine the

material properties of films and various types of solids by making extremely

accurate measurements of the phase velocity of Rayleigh waves.

An interesting feature has been that we can now measure the amplitude and

phase of the V(z) curves (the variation in the amplitude of the signal re-

ceived at the microscope determined as a function of the distance z of the

surface of the solid object from the focus). We have developed inverse Four-

ier transform procedures to invert this data that enable us to directly mea-

sure the longitudinal wave, shear wave, and Rayleigh wave velocities.

The two papers on this subject to be published in the IEEE Ultrasonic

Transactions in April 1985 form part of the Appendix of this report.

SCANNING OPTICAL MICROSCOPE

During the year we have begun to work on a new type of scanning optical

microscope which uses a Bragg cell to scan an optical beam. The device is the

first optical microscope capable of making quantitative measurements of optic-

al amplitude and phase simultaneously. The concept arises directly out of our

work on the acoustic microscope, where we began to realize how useful it is to

measure both the amplitude and phase of the coherent wave. The work on the

acoustic microscope also taught us how to eliminate speckle in a coherent wave

system.

Our early results indicate that we can measure the thickness of trans-

parent and opaque films to accuracies of the order of 30 A . A preprint of

our work on this subject is included in the Appendix. A thesis is currently

being finished on this work and on our fiber-optic sensor, "Characterization

of Surface Variations Using Optical Interferometry," by R. L. Jungerman.

-3-
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Real-Time Digital Image Reconstruction: A
Description of Imaging Hardware and an

Analysis of Quantization Errors
D. K. PETERSON AND GORDON S. KINO, FELLOW, IEEE

4

Invited Paper

Abstract-General-purpose computers have been used to reconstruct would require a machine capable of hundreds of millions or
images for more than two decades. Although computer-based recon- even billions of interpolations per second. Currently, this is
struction is versatile, it is notoriously slow. A real-time digital acoustic not feasible. Therefore, real-time digital imaging systems must
imaging system (called DAISY) is described, which is c'pable of recon-
structing more than thirty new image frames per second. Both the make direct use of the quantized data samples, as stored.
imaging hardware and its operation are discussed. The latter portion of In this paper we shall describe a real-time synthetic-aperture
this paper is concerned with the effects of quantization errors in digital digital imaging system called DAISY (an acronym for digital
imaging systems. The discrete nature of both the data (digitized signal acoustic imaging system). The basic operation of this system
data) and the aperture (array apertures) are considered. The discussion has been described elsewhere 161, [7]. The main applica-

is couched in general terms and is not specialized to acoustic imaging tion d sin asti nondeT e tsin appTico-

alone. tion of DAISY is in acoustic nondestructive testing (NDT) of
materials. Over the last several years, DAISY has been used in
several NDT experiments ranging from imaging simple man-

I. INTRODUCTION made defects 131 to the visualization of fatigue cracks usingG ENERAL-PURPOSE digital computers have been used shear, longitudinal, and Rayleigh acoustic waves [141, [151.
to reconstruct images for more than two decades now. As we gained experience with the imaging system, it became

Although computer-based reconstruction is versatile, it is clear that there were certain aberrations in the images which
notoriously slow. For some applications, such as oil explora- were due, not to shortcomings of the hardware, but to quanti-
tion, this is only a nuisance. For other applications, real-time zation errors intrinsic in the image reconstruction algorithm
capability is a necessity. For instance, cardiac imaging, whether itself. Indeed, as the hardware improved in quality, these
X-ray or acoustic, requires that images literally be reconstructed aberrations became increasingly evident. Two examples are
within a fraction of a heartbeat, shown in Fig. 1. On the left is an image of a point target. In

Real-time image reconstruction is also desirable because it addition to the main lobe and barely perceptible sidelobes,
allows interactive examination of the object. The operator there is a mottled region flanking the object in a sideways
obtains immediate feedback when the object is moved or "bow-tie" shape which sags towards the left. At the right in
changed. This makes it possible to adjust the position of the Fig. I is the image of a flat specular (mirrorlike) reflector. The
transducer to obtain an optimum image. image shows he correct location and shape of the object, but

In most digital image reconstruction systems, the imaging also exhibits a fine "serration'" pattern. It was found that
process can be broken ini, two phases. First, the signal data aberrations such as these could be traced to quantization
is collected from a scqu -. -_ of transducer positions or orienta- errors in the digital image reconstruction.
tions (e.g., microwave ar,:.-'ras, X-ray detectors, acoustic We have developed an analytic theory which explains the
transducers) and siored in a digital form for subsequent image effects of quantization errors in the digital reconstruction,
reconstruction. Then the signal data is rearranged by one of particularly quantization sidelobes in near-field images. These
several algorithms (backproiection, synthetic-aperture, holog- sidelobes are quantitatively and qualitatively different from
raphy, etc.) to reconstruct an image. As long as the signal data those which have been considered in far-field imaging systems
has been sampled above the Nyquist rate, a computer ca be such as phased-array radar, and are closely related to the side-
used to interpolate the data to any desired accuracy and to lobes of an optical Fresnel zone phase plate. This theory
reconstruct the image. explains most of the characteristics of images observed in

Real-time digital imaging systems, on the other hand, do not earlier experiments with DAISY (e.g., Fig. I ), and describes
enjoy the same luxury. Real-time interpolation of the data set the dynamic-range limitations of real-time digital imaging sys-

terns due to quantization errors. These results pertain not '

Manuscript received March 1. 1994. revised June 22. 1984, This only to digital synthetic-aperture imaging systems, but also,
work was supported under Air Iorce Office of Scientific Research with minor changes, to other image reconstruction methods
Contract F49620-79-C.)21 7.

The authors are with Idv~ard L. CGrnton Labraitory, W. W llanmen which use a finite number of array elements and/or a finite
Laboratories ot Physics, Staniurd University. Stanrmd. (A 943(5. number of delay steps (e.g., real-time analog imaging systems
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I-ig. 1. Typical real-time imiaces iorni D)AISY. (a) A point object (thin Ir rL

w4ire in %%iter). (b) A specular object (the edge of in aluminumi block).
_______________________________ -SPLAY

'OCUS, FOCUS TIMING ANO.-
TERN MEMORY INIERfACEwith switchable delay lines charge coupled devices (CCD's) L~E0 R 406 BTS LOI

or other finic delay elements).%
DAISY hardware and the execution ofthde image reconstruc- ROMPUTER %F
tinalgorithn thti hardlware aedescribed inScction 1I. Fig. 2. Block diagram of' DAISY hardwiare.
At the heart of' tile real-t ime reconstruct ion hardware is a

so-cathed in"rtion ncd" to~ reclostuctuales cnnin l ie the RAM's. This has the great advantages of flexibility, rela-
of tle nfomaton eedd t reonsruc inage il rel tme. tive ease oif programming, and ever increasing availability ofThe reas- ins for using a "tocuis map'' are discussed in detail in spitctdhg-pe iia opnns thsteds

section IlI. phsiachihseddgtlcmoet.Ihatlei-
In Sections IV and V, we examine tie efftects of delay quail- advantages oif high power consumption and relatively expen-

li/tio erorson he )iiiitspeadfutefln (PSF) o anmagng sive analog-to-digital (A-D) converters for real-time systems.
Iiatein bror th the fortd spttd thencartid. It)of ishonat Thle DAISY hardware, illustrated in Fig. 2. employs a 32-
dyey q ~iio errors firducn te a field o t ' idla shoan .itat tol-I nmultiplexer switch to address each of thirty-two elements
twita qloes' in lerr, podund a series of -usdlary focri'ina of a piezoelectric acoustic transducer array. This has the

tite ear feldadvantage that only one A-D converter and receiver atmplifier
teni fietrnoralttd.nt h seil rbes non are required. A short pulse (typically about 21~ cycles) with a

tered wtth divitaf Iitng systems employing sampled apertures center frequency (if 3-3.5 Mliz is transmiitted from thle selected
(i~e. sstes wtic 'utertron boh tmpoal nd patal am-element by exciting it with a onipolar pulse through the multi-

pie.. eors Seic %uot Ie faresteftonthemoa the spotint la- lexer. The ret urn echoes to t he same element are am plified,-
spreat tertor. t Sect o I ex rtures t e effect o ont digitized. and stored in a 1024 X 8 bit RAM. This process is

iniaes o spcula relectrs.repeated. in turtn. for each of' the tirty-twvo elements Ii the
Section VII is a birrefdcssino h tet fsga array Issitli the Curretit system tile aco ustic waves are always

;itipliitd Vtilis tit hriter isuio rs.eefet f'sga tratisititted trout and received On the samne array elerneit, but
this is nlot a requiremntl for sytitfietic-aperltire Imtaginig). ile

HI. D A ISY I ~~iS \Rechoes are thbus stored iii thirty-two indepcerlertl addressable
RAM's called thle "data mieriory.''

Tite it~ii tpiic i ilakirig aI iliie-&lelAiyei acoustic intiag- E-ach pixel Ill (he focused Iage is recoinstructed bY' applyirng
ing systemr ,perilmini it ra time I, the proission ot skiiitble the appropriate delays to each of' tire digtiied lhtile records
deli elt-mioei I Itii'It .to line's hive hteti used for thlis arid thien suniming the contributioris triii each elemienit. I lie

puroseSii h1(1.0 1% e fi- ot to he bulky aid hilted In required tittle delays are stored Ili a 4S, kilhIbst flci tini-
fl~iiiir I( ) i s ushi .1% Ilsii bet-ri ugested for this o'f' in at condensed forr t s a lookup tatle c.illed a ''hocus

plirpii.i II I IIIlITI Liiils ltrati;seI conIcept. linlt iiap.- Sirriplificatioris reqired to huntII the Nile III losI tlcits

Ifl~ilS's . ii I . hi..I~i, i hsi'lil~ttt~ut imemtory ire de~scribed Itl the nCXt W HetIiM.
'A -I: . ~unIIsituIull(, retuirl it~to Thle suiuiiIu~ ot tire data storled inl the titiace lttieritir 115

k~ \%l -Ind111 tie lt tle LIlay carrietd out Ii a 2-bvte Inuutiit a ihiter1 'dI lue111 t.1111113 d er
Is 1111.1;', 1~ !l T ')' 1,C u111 sT ill takes 1 (1yt dut t Ida ff"irit echII ilt ft~ ie I T~I% i %%0 t~ L i it'i Aa10 1

oiurte anid tortis the 1 3-hit NumS. Flit' out put Illt thle tlder is
'i)~~i '.11 I Ii...i. ' I I I 'OIIi-ult ditttihll rectified. thlen cirsetd iii hatswbird video signal

Ai fi , flill l : S-1i. 1' 1) ' i '~ I tt , ;It '11 Iiiie tIdl, , stetal tN filtedti IiI cl \% itut 1 NS 1,itt puists aind

J~llil' I i~ 1il~i i'it ii a 2i-ltr trIOrtI1IItenlac d ttiitat a flamre rate (if

All N 5'
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ACOUSTIC
TRANSDUCER OBJECT nient. A single-element system would supply only or" arc and

SIGNAL MEMORIES MULTIPLEXER- A I , -4 .... -so give only range information but no azimuthal Information.
As more elements are added to the array, the position of tile

I object becomes more well defined.

III. THE Focus MAP
1 A. Look-Up Tables

I In principle, the synthetic-aperture image reconstruction
algorithm (or equivalently, the backprojection algorithm)

- ,_ .. . requires computation ofN • L -P different distances, where
1.0 TN is the number of transducer elements, L is the number of

(a) lines in the image, and P is the number of pixels in each line.

ARRAY -- For DAISY, this would be 32 256 - 1024 = 8 million dis-
ELEMENT IMAGE O ISPLAY tances, each of which must be computed to 10-bit accuracy.

SIGNAL MEMORIES At present, real-time computation of these distances is orders
- - - of magnitude beyond the capabilities of any general-purpose

-iAE computing machine. Fortunately, there are solutions to this
TIE -insurmountable computational obstacle.TIM I .DELAY + Since the distance calculations do not change from one
AND + , frame to the next, they may be computed once (on a general-
sum " . purpose computer) and then stored in a high-speed look-up

I table, called a "focus map." By using a look-up table, one =

, 100 KL._1 trades the problem of prodigious computing power for the
TIME problem of prodigious memory capacity.S TIME L- - -The size of the focus map may be reduced by reconstructing

o t,
(b) the image in a radial sector scan format and assuming a paraxial

Fig. 3. Data recording and image reconstruction using the DAISY hard- geometry [ 191 . When this is done, tile time-delay information
ware. (a) The multiplexer selects a single element. A pulse is sent to can be separated into two one-dimensional focus tnaps one
that element: return echos are amplified, digitized, and stored in for angle steering, another for range focusing and the toltal
appropriate data memory. (b) Image is reconstructed from this data time delay required is just the sum : these two components.
by summing contents of data memories alter applying time delays
appropriate for tcusing. This is equivalent to "backprojection" of The disadvantages of this approach are tlhat only paraxial
the data along circular arcs centered at the position of the collecting objects are well focused, and it requires a scan converter to
transducer element. translate from sector scan format into TV raster format.

For these reasons, DAISY was designed with a full two-
about 40 Hz. No video scan converter is required because the dimensional focus map containing time delay information
picture is generated at real-time rates in a standard raster for- appropriate for direct reconstruction in a raster format. There-
mat with the lorizontal image lines perpendicular to the face for te mae hae otrution ou t ver a reof thetransucer rrayfore, tihe images have optimal resolution out Ito very large-,
ofangles, and they ca be presented in real-tine directly on a"

Te operation of the tour subsystems of the imaging hard- standard TV monitor. i m t

ware are coordinated by tile control and timing logic. The
imaging hardware is organized as a parallel/pipeline processor B. Compression hi' Encoding
made up ofl thirty-two parallel pipelines with seven stages in To hackproject tie data from any given array elenent onto
each pipe. any given image line (see Fig. 4), we requite a set of distances

Ant interface it a laboratory computer is supplied for loading (1024 it the case (f I) fror the element located at
tile locus nettli)ry with file appropriate focus ittap. After this ' 10 to each p xz ) i n tn e, ss nee d

process is carried out. the interlace between the colmputer and the value O if

the imaging hardware may be severed.
1img a clock rate ol 10-15 MIl/, I)AISY generates about R I = x) +z. (1

th)r, Uliage Irarnes per second. Since Imtost of the transducer iortunately, this is not i radllmti ctlllectiont l f ntotnher,,, it is an -

arrajs have acilicsli center trequenc'es ot abolt 3 Mll/, this ordered sequence (it vales nlllio ot ilcl illcreaitie "illI .

g:vcs three it live sAttples per wivelength well above tie A commontmlll itethod ot slorlnit or repre,,enilti a sequence (i
N vqilt ,riplirig rate. Iihily correlated vallies is "delta enclding." III ti1N .hietile,

Fie. 3 shows ie collection and recoistrctio oft intage data (ltly the thffJ-ren'e betw-en a value aid its successor is stored.
Irom a pint Ibiect using a sillphfied. six-eleinctnt niagiig II DAISY, the distance htincti n is nitllntitiicalls, mcrising. 10
ssetl. Note that rite hackprojectilon interpretation of liage and Ca ln be represented b- a bitrN ,lquence f O's tand I 0
recollrStiiictioil Is vividly apparent here. TFile echo data front iy etiploIng delta eicllttodlg, tile lok-up table call he mlil-
each array element is hackprojecred in a circular arc whuse pressed froill a table off 10-hit dmtaltles tIo a taible of I -it
center corresptnds to tile physical position of the array cle- hstance imnrcnienrt.

Sil
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PIXEL AT %-77

J L--- RECONSrRjCrE0

HI "T I M MAE __ ___ MAE L
LINES ~ _- - LINES

BET W EEN I ---- PEREACH ARRAY L ___ lME
______________________________ELEMENT

I LINEAR
ARRAY I

Zmn ~morELEMENTS

Iie 4 Comcdinaks% (It the recllnstrUcted imaoe pisels. Transducer - -------- t
..rras lies along x ax'is. - P E P4N.N -

I I houd benotd tht i deta ecodng, ne as mde I g. 3. Relationship between reconstructed image and array elements.

trade-ollt between memory capacity and hardware complexity
because additiolnal hardware is needed to "decode" the encoded IMAGE DISPLAY (L 1,.es)
table vajlues. In the case of delta encoding, this is extremely THESE
simple Ani accumulator keeps thle current distance value and D EAAINS I

t~l net vlueis btanedARRAY ARE REDUNDANT I
tieretILCi bandby adding the new, delta encoded, ELEMENT %'. ~ ._________

litlcrcrtnen t) hr t is currtent value. I n DAI SY. thle accumulator is%
a sitmple up-co uriter, and the binary sequence of incremients :. ___________ ___________

is supplied to the clock input of each data memory address
coutier a I-causes the cI inter to incrermen t arid a "0"'
leaves tire clounter value uinchlanged. This small degree of'I THERE ARE

NM padded comlrplexity is a small price to pay, for rte tenfold I2 Z POSSIBLE

Sav"IltgN In folcus tIetliriy capacity. II I.X-SEPARATIONS
I,' .BETWEEN AN ARRAYI ELEMENT AND AN

*IMAGE L INEC Ce imprcesvion hi' l117h/oitig vtinnetriv's

13i exploittig thle symumet ries which are offered hy a pern-
odic image raster anid it periodic array, we canl decrease tire sizec
of, tile focus mlap still turthrer. ~- ____-_____

Specifically, let uts asstimre that thle reconstructed irie is to------------------------
he I. lines hy P' pixels tier line. as shrown itt Fig. 5. The array I g. 6. PICtorial enumr~eratioln lt att plssibte x separations between an

array etement and arn imrage line. Separations shown by the dashedhas A' elemnents arid is - te tred oril the ni idline of thIe image arrows are redu ndant; llnk those s separations represented by
field. Also. arid this is very imrptortarnt, fire spacing bietween soltid arows need Ihe s'Ire d.

thle array elemients is, assumed tor be srrrre mruiltiple Af of tire

spatcir! bet\sscer il lil ies rrf' tle itiape raster. For IDA\ISY 24klh'',itIfi rttsailsjl(ltSZ 'OtpCti

Sthese pa 1ratItlet rs aIre nn~ er~110P~~ t

N = 2 ccillntsTile parallel architecture rof' DAISY makes it desirable,
N = 2 ceririr ialthough riot absolutely necessary, to (irganize tile focus inem-

I. = 2>1 lire ory slipghtly diffterently than described above. I tile architec-
trire described two paragraphs above. some of thle focus liniesN

1' I li'I M~l irk' oujld tneeud In he used by t wo dirfferenrt pipelines at tire satire

Mt 4 t1Ahr lte lru IOCT eserid th 1113\ CIL'ttt~tt I'o1t illt. lttle. Since thtere are N pipeline chianunels runtnirng in parallel
(N' = 32 tor D A ISY) it is mrore convenient Io have N distinict

I1CLJrIse ''1 1111 l Jl, iir.pr iohtitics idth l iv o mraaid thre lines (it fcris data Ill feed each (if thle pipelincs. Thle numrber%
itl-wrigeTcrL' IIcII It(' )iil\ IL + AM)l , itlqsue eletietir litre of focus litres, requited for Iris mlgitvirndi tdarchitecture

a re~~k III I . , I Ind wcd Io he lo od It~l orI' I (ir ISSic itI iiil daIt.

at 5I , l I I I I i I 11,1 I ''. I I m. l I iils f ll~ s 1,1.
( , , I :.I 'I .; I , 1 r .I'T l l l irrr ,I o i lites n ee rd ed to rep re se nt d i tiric e s Ilo first lirn e )

.I, oi, I _* I! i 1, i 11 , + of tonsI It tess lirnes)

/it inI'.' ' ' I 'll' ~'Pli - I tI litres IIt flotsi daita trir eauch ttL'5 linre)

............................ ' lit r .% 1
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Parameter
Subject to

I unction Quantization Name Us5ed in This Paper

Imaging St(-) Signal amtplitude I fie I],- ij , re~d
Signal q~uantizationf S-hit 4 ucs

t Deiay quantization tIIle C~l, 1I' 111.il I, 'et Ii d],Il%
siampled 'Id 1.-rcd lit H K X

(d Ie I.II ''r ( I ., f141 'I 'r

Pupil I'tl Aperture amlplitude l ie ipertile i'si4'
I uncetion juafltilatiiifl pritile is cet h% ,livi'.l

X Airrai, qliafti.'atliil X, Ir~insdw~er irr,t is si

"iiliPIC Itic iptliC 1t 11 C .

*The etfets of aperture -amplitude quantization erroS are a routine application~ oI lIirier Np. their\ id \II fl," h.ie
treated here as they are adequately discussed elsew~here 15 1 arid 121

For DAISY, this requtres (32 + 255) kilobits or roughly 36 A. Phase Qrittization antd Phase Qiuan:ti, 'o / rr, r
kilolbytes of focus mem-ory. 2 Such an architecture requtres For :i sy-,'4 @tl V.it)1 M)0 yJitit/.ti\i N:is i- is ci

50 percent tnore memory, but tmakes the locus steeritC logic aire coil niiiiusl\ variahle osecr tile itltcrTii 1Hl i .It: !

less cotmplex. S1,Stern only aI tinlite tiuto 1chr ot JlIisi JCI, I .1%1L sL

detnote by pu tile iiIIthr ot ilelas% 'isilaihio \% itIml bs :it lsil
IV. DrLA Y QLA.-NTl AIs ON [H HORS IN rttr .i AR FI it.1) [0, 2 -,r). For Instance. ttj ( 2is lit. t I !ci'ic /,i~c phj'as
All imaging systems share two corutnon elemtetits: I ) a spa- plate). phase delaysN ( Il 7ts ic 1i55  I lihiC . 1 5

tially extended aperture represented by the so-called "pupil delay will be represcnted 115 Oic t101~iic -- -t.t

function." P(x), and 2)1 ant imavtng sigttal Sit), which carries thle cointitnuois phaose %.ariihlc sie 1 Iitjlv.

informatton about the object back to the aperture. phase quanti'lat tnir-slis lJ 'T 'iSi t

In a digttal imaging systetni. either or both of tflese functions -,(a). The itiantwatwt n trr,'r is !C-)!1L'~T.IICsl tc'

may' be quantted. ]-he quantization can be of two different 62n l.J). definecd :IN
fornIS: I ) amplitude quantizattion, where the true amplitude is
rounded off arid represented by a finite letngth digital code. )I;I- '--

and 2) sampling qutantliation. where the valtie of' the function attd shoss n Ii [ig. by 1: pc, -,I, ,.
is represented onlh it discrete VaIlue3 of thle arguttent. - /1, thle ati/in n-. I:t I,'.

The possible sources (it Lluairti/atiOti errors lin a digital itnlag- thle siibsctint 2 p.it,if 1* ,s !'

Ing system are shio\n in Table 1. A quantity which is not Sisiu tit -VC V. III IISC HItt i .'us i.--I

quantized %kill he referred to as "c ontinuouis" (e.g., continuous MuItchi cati he tcplecittcd i I'1 e..
delays. cin tinuitus aperturell.

In the early 1 9 00's, tilIe first rtticrowave phased a rray's V. etc p itcV

developed for elect ronlically scattred radar sk'steits. A linecar
phase shift across (the elerr'ettts oif tile tttrcriiskave array %as
uised to "steer'" the beat, -.axs. [ile phase shiifters iised Ii t. here
these systems could he p: :attid it) select tine (it' sevet il ' u.-
discrete phrase delays. It wAis touitid thait phise qulit/aiwtl 11I 01 1i. 1)i i
errors Ittoktiuce si-calledi Lulillt/altiln lobes' IT] the t hieldlIp

&hiclt aire sitttilai in appeartancc i,)I lie raitie lobt's ~Iisel I)\
usirwz an tinietsattpledi rray Iv - C B. Vtd ~ Mn t ~r-I ii Il PSI 10 M'j~ Si, it hi/i C, 'iiilliii

receettlk .iJCiuJtiic phJNed arrais Nk tettts hia% e ti shoi. t Ilas

exiit th s im iirt .. , II soIIl tCiflltliCit Ie sI t tI l l' tit 1111.11C 15 hullS l IT 11 fUi ll 1CI 11 ;I l.~ t' 0 1 Iii , JI Ii'

Iti tt is .isst r i llth [CJtl ils C itIi (..jli 't ii kit I'l'e

I-t initrt~iidi vtu stitl . ittitlwrt atnd Mhs~t sii~i %sill i1t nsu'll I, ~ ~s :t~,.5 I )

prt)hletn itt deliay (luitlt.ittIT ile tter fileld Allottitc Ilt( It IwIsit ithlliu tiwc il I, si;> c I ite

(#4 t tJ kit. -hits wr ahoit 4h ktihN c Is's11 i ls it i' It 1! 'ii l i I iitl i W..
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4w/

/~~~ ~ / ROADSiDE-- 8OO o

-4 2w /7 2 17 4w (a)

/sn 1- 2w 5rc3)

2s7oci (4/3)

BROADSIDE

4 ir 2 Tr2 1? 4 Y7(6 x01

(b)
Fi- 8. 1 a r-field PSI of a continuous aperture timagings~1sicrn. (a) Writh

continuotis phase delays. (b) With otiantred phase delaNN 3).

sAlhere the asterisk represents the conVolution operator. At
(ii hi ii h/e ~.this point, we mnake use of the Fourner series represen tartion of

I4 I . 1, h a qun i/e p ts lil iwn j ,,* h it hs e" mentioined earlier (4) to obtain
p!rl/aitin curr ttF1Irk tI I / 14.

IrMI'r~l It the ppi lunkction4  0L'u,iiotr, 0) sine On + I p 1 r 0 + inp0 ).

F '(r. I) t ~x' 1)mutc (0 ) ,,)) D c X v ,

Fq. ( 10) states that thec J~r-jield beam pattern Itr anr imnagui
A plot oI I. tpicaI tar-tield heam pattern ( s.A ith [3= 100 X, SI'tem'P withi quanitized phase ,it/ais. cc tltailns a mnai bc
0,, k 0 (t raianir, Ard r = 20 0t00 X I is Oiown in Fig. Sla). ( . = 0) if1iPin~ishi(d amnplitu~de . ,~ Nilc ( I pI and, ar steric

( Fr Iu/dI'~ ' tn ~rzin' .~stu nurhQuatizd ~~a S sin (Me + pj) h watedi atf 0 (I + 01/1) 0~T/nrt, rc' III Ilit
fit j di'.lia jpi~ed .iili\ \ teur . hie 'llaWNe (qUaiti/ed arnd Jar-f iei'di II' eje l p/hase qua4)tiuatwnO is ir r ,11lar III

thle 1nupu)l lii ILI 'i bce uneNs appearan(c It) tat ofyi-ratitg lobes5. 1w diel qua c(1)t1/,11 11)

(1111 I '\ :2 NmI o" Nl I1tx''I)) (7 aie re dule to a periodic phase ercr )N, tir tpimire,

ssliee j . reicefis tre .1 i~in)/at~r( 4 ~ i f hole grating hobes are due to I peridic: amiplitudlcerror.A

ladi'li iit'.k rilsimilicll ot I I mr)ti I S) \ ids t'li ly qwirtiedl. tile quim itunl lobes us 111111III aruipli

I' I i~ itt'-t 'onU~ j* ~) () tdo and trove far .v xa5 tfoT)) l1w iliiilohe. hE. 1,( h) dissN

tile far-tield beam patterIn oft u (rrrleirrg NN~t sle it NHe quaJ Htlc d
Axe.Ilil. fil tar1 hldd hc,1ri pnttile I, ' I~ctl h\ thle I irier trail,- delass (kitli 1) =100 X. r ' 0(10(100 0( 0 fiil.iii. '

nom fit file ph111 pd 11 Ii. 'ii

I N 0 1 N I II' 1!I " IN tII
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'I *r . , . It 11 - 1 h 711'! 1., 1,,~ 1" 1, .- in t 11F' '1. fI t dT l.tITII, tIfMLNH 1 l, Q. 11 i N IlT. I TI 1,11F r 1Ii
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aulal'srs. it w as Tiecc"Sary to assumeII that the qtiniation
e r rirr %kcrc verv 'itiall arnd could he treated as a pertuILF)atIOn

o t thIei pupil funiction. It was also necessary to a.,SrLHC th1A thle
aperture conISISted of a periodic array. Then ilre rragnitudc P 1, -4 T ~

ardpositron ot' the quantizatiotn sidelobes could he estimal~ted I ,

it certain phase mratchinrg conditrions were satisfied.
InI this Sectioni we go hack to thle earlier threory developed tur1

quaiatiAor errors in thie far field (described in tire previolus A FRF

section)I and gerreralize it to treat the case of' quarntizatiorn
1er1rors in tire nearr field. Tis new theory is exac t ( \ thin tlc I 1-, 9. tl Hk 111 Cw , iF:~~~

paraxial approximation ) arid has a simp le physical irlicrprcta-
iron- Thec theorv is first developed for a corntiniuouisap~ertuire

so tire lt fee s (o1 dela' cLuaJt/.atiOrr Ire riot comiplicated h\ ( -.v Vo IV' Pf x, ' V,. c rO - A' 0
tire ftfectis uf array LlulaltizaItior. Tihe analysis of dela\ qijIl-
ti/at ron in array system~S Will b~e left to thle following two-12

Sections. /vx iep R12 (i

We will consider tire effct of using digitized signal data iii 1)

aI svrnrberc-aiperrure inrlagirw systemn. such as DAISY. The
theory tor dynamic:ally focus~ed SVS reinsuin quaiL (I ~iied phase R' ,IR,~

(or tie) delay elements is very sirnilar arid does riot listity a
separate r reairieri r. lw i iiic H ~ -e I2 i'li

It i, assu~ned that tire irragire signal lix aial arl idttlre V5 i-

11,ar"11101iC LhCperrdcrrc of The toriri R' +-. 1

Cos ( Cot A:) = Re A) anid

, V,

beajring in mind that it is, thle real coinpoierl wich interests
uIS. At tle end ('t thle \e\io .w ill1 :mo liient onl tile efftsi tieir tilePS I l i lie p ine ot [lie O)C t -Vj h,, j j!\ k~sUte

of, iisitic liroid-imid iiiOii ieil.iiclsdtlia

A1. ar-I- i PV'I, anfu InmUQeoi' Sistcm, wiilli (.( 'ovi) u'
J.

('riSidcr ani iitimiicsriial aper-ture elcimeni it pI srlir-orcI n

lx', 0) ii thre irperture I sec 1). . Filec lemntri is escireh (:
wkithi - ciitriii'iis lwave (A) sieii11nl C'''. I lie echo~ rceived IsI, is tile' imlivi !csiili Iiililom ~ i i~s\ - iw-

trt i i III I)Ict it I c vnioi )s I, kis '- ,l a Cd I)% Ai ioiiridL-tii1  d i ri il eie. 1\!1v it IICI 1iele lie % I!. ' v-, -

trilSit d ls or 'R, ,)L wheire v- is tire w s veo ity ilde A:, 1\ji i111psC ~' m I I l il,'i 11w -1
irireisernlirit rliidiiir.' X 5 s13cl h\ An ac~tr I R' hIe to i.ii0lii is 2

in d-Irip kIii rae iol 1, fii s11 1:1t1'r w iii he I R' Il 2 i . i0 is -I phi (i flie i..it;eld "Si 1"I ,I ii 'l I lel, ;"Il

s'.TC dI C1) iii 1lie nl Ir. hu e . reld ti5. ).L I1.1 1C~l is I tuni11. p i )I il i oiiie 's t 'l k)eei - iiise I- -

11 I-si .-- 1, -11. -v

- I' ,. i, ')~- i i, - i 45 - .. i~''Ii I'l c m m c 1, - i - p~ I H l . I C .

ItjI )Ij JJ 11' 1 1 V I 'I I 'II '1 .1 1 V 'SI f t 1, .S 1 I ? fl :t. ,1'S i

1111,h J~l" -i

III--- 5 -fc.-. 1 0 11 IIC IIl Ci hC- k [i I** * . I ji ll11' 1'
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SILICON NITRIDE PLEXIGLAS

-464 -A - ~O
0 ,.2750. -- E(3N

0--~~~;!. :3-. 75

I f I

< - 0 - - - - -0 - -4 2 4

6C d' e !e 24' 3t__ __4 - - - - -- - - '

Fig. 11. Comparison of the theoretical and experimental reflectance func- Fig. 13. Comparison of the theoretical and experimental reflectance func-
lion for the water- silicon- nitride interface, lion for a water-Plexiglas interface.

PLEXIGLAS TEFLON

0 .8mm Z

-idi

Fig. 14. Experimental V(z) of a water-teflon interface at 10.17 MHz.
Fig. 12. Experimental V(z) of a water-Plexiglas interface at 10.17 MHz.

TEF LON

1 0 rnique does not preclude the characterization of such "Coal
acoustic properties as shear loss, temperature dependence p

of the Rayleigh-wave velocity, and various contributing 05:

factors to the Rayleigh c r aica-angle phenomenon. - ._- N

Plexiglas Oe 8' "e 2.4' 35? 40

Figs. 12 and 13 are the V(z) and R(Ui), respectively, for
plexiglas or lucite. a low-acoustic velocity and high loss
material. This example illustrates how material loss can
be determined. The longitudinal critical angle is located 0 ---
at 0 = 32.7~, which corresponds to a longitudinal wave
velocity of 2750 rn/s. The magnitude ot the reflectance
peaks at 0.7 rather than one, as it would be for a lossless ~
substrate. The amount of diminution of the peak level de- 8I &E 24. 32 4's

pends on the loss for the longitudinal mode. The theoret- Fig. 15. Co~mparison of the theoretical and expelrimfental retlcdlance func-

ical curve is fitted to the experimental one by varying the tion for a %ater-teflon interface

longitudinal loss factor Q1.. The Q1. is found to be about
50, which translates into an attenuation coefficient of 232 Tiflon
Np/in or 20 dB/crn at 10 MHz, which agrees well with V(z) and R(6) for teflon are displayed in Figs. 14 and
other published values 1 16). 15. As expected flo critical angle is observed, since teflon
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54n. GOLD FILM ON wave in water converts in the gold film to a leaky Sezawa
FUSED SILICA
USDSLC- wave, which leaks into the fused silica substrate in the

form of a propagating shear wave. The coupling efficiency
and the angle of incidence, at which maximum transmis-

> sion occurs, have been shown to be functions of the film
- ,thickness by numerical analysis. Thus by measuring the

_t ____'" .. .- ~ ___ reflectance, one can get information about the film thick-
ness. The experimental demonstration of this thin-film

Z IN phenomenon also opens up the possibility of using the thin- P
"I film matching technique in the design of acoustic trans-

,1 ( j ducers to improve the transmission efficiency between two

'- .. media with vastly different acoustic impedances.

"1 I The. V. ERROR ANALYSIS
The introduction of experimental artifacts in the exper-

imental R(O) due to the spatial truncation of the V(z) curve
Fig. 16. Experimental VIz) of a water and 5-jum gold film on a fused-silica is treated in this section. This problem arises because of

interface at 10.7 MHz. the finite distance over which V(z) data can be collected.

5 . GOLD FILM ON Equation (26) shows that V(u) and IP2(t)R(t)I form a Fou-
FUSED SILICA rier-transform pair. It can be shown by Fourier-transform

-- , ---- theory that since 1P2(t)R(t)I is finite in the t domain, V(u)
has to be infinite in the u domain. Experimentally V(z)

CID ... can only be obtained for some finite-width data window. k
. I ..... ,. Therefore the actual waveform V'(z) used in the inversion

is a truncated version of V(u). Thus

0! 81 1 Is 2( ; V'(u) = V(u) rect (uD) (32)

where u = z/,'X and D is the width of the data window
defined in terms of the number of wavelengths in water.

-.--- Noting that multiplication in the u domain corresponds to f
r convolution in the transform domain t, the reflectance

function obtained by inverting V'(u) is

.. . . .[P
2(t)R(t)]' = [P 2(t) R(t)]* D sinc (D) (33)

Io 6" 8: 8 24 "
where * denotes convolution.

Fig. 17. Comparison of the theoretical and experimental reflectance func
tion tot a %,ater and 5-jsm gold film on a fused-silica interface The effects of the convolution between the reflectance

function and the waveform sinc (Dt) are twofold. First, the

has a longitudinal velocity of 1400 m/s. which is lower angular resolution in the t domain is degraded. Second,
because of the oscillatory nature of sinc (D), sharp fea-

than that of water tures in P2(t)R(t) tend to generate ripples in the resulting

Thin-Film Measuren, it P 1P(t)R(t)l'. The resolution degradation effect can be es-
timated as follows. The full width between zeroes of theThe following example demonstrates the potential ap- main lobe of sine (Dt) is

plication of acoustic microscopy in thin-film character-
ization and also confirms a thin-film matching phenome- At = 21D (34)
non predicted by numerical computation. The thin-film The At is essentially the transition width of the response
structure used in this example is a 5-/am-thick gold filn to a sharp step in P2(t) R(t) and hence can be regarded as
deposited on a fused-silica substrate. At 10 MHz the thick- the worst case resolution in t. Using the relation I = 2 cos
ness of the gold filn corresponds to about 1.5 percent of 6 given in (24), we get the following expression for the
the longitudinal wavelength. Figs. 16 and 17 are the plots angular resolution in terms of the angle of incidence 0
of V(z) and R(O). respectively. The agreement with the
theoretically generated R(O) is good. R() shows a null at AtAO :- - (35)
O = 17.23'. an angle between the longitudinal and shear 2 sin 0
critical angles of the fused silica substrate. Physically this

Comtbining (34) and (35). the resolution in () in terms of"
means that the incident longitudinal mode in water coo- the width of the data window ) is found to he
pies very strongly into a bulk propagating mode in the
fused silica substrate. The physics of this coupling is not (w u t , is ia i -(36)well understood. but it is believed that the longitudinal s ltl 6

Vk
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10 SILICON NITRIDE

0.110-0-5 '- .00o . . I

6 O-"200 0_, __ ____ ____ ____ _ "__ ____ __ O_

I 24 3? 40'

0.

O 10 " 20' 30 °  40 " 50 " __
0 0 le e6 24" 32 46

Fig. 18. Variation of angular resolution degradation as a function of the
incident angle and the normalized data window width D. Fig. 19. Simulated reflectance function of a water-silicon nitride interface

obtained by inverting spatially truncation V(z) data.

Equation (36) is plotted in Fig. 18 with D as a param-
eter. The data window D used in the experiment is about 10
100. This implies angular resolution of about 3.30 at 0 =

100, 1.70 at 0 = 200, and 1.1' at 0 = 300. The experi- D- 50

mental reflectance of silicon nitride in Fig. 11 is a patho- D.00

logical example of the degradation effect of this angular
resolution. The Rayleigh critical angle occurs at a low 6 6 0200
value of 0 = 15.00 and in the vicinity of this angle, the
magnitude of the reflectance is unity but the phase goes
through a rapid 2r radian change over a 2' angular range.
The net result of the convolution with sine (Di) is a sharp
dip in the magnitude of the experimental reflectance and 2

a smoothing of the phase curve near the Rayleigh critical

angle. The etfect of the convolution is much less serious
at angles of high incidence as shown in Fig. 18 and as " o 20 o 40 O"

evidenced by the experimental R(O)'s of fused silica and e
aluminum, where only a slight dip occurs in the reflec- Fig. 20. Phase velocity estimation error as a function of angle of incidence

tance magnitude. due to degradatioi, of the angular resolution.

A computer simulation has been carried out where the
theoretical R(O) for silicon nitride is used to generate the The error decreases drastically with increasing incidence
V(z). which is truncated and then inverted in an identical and increasing D. For D = 100, I Av./v.I is four percent
manner to the eperimew -1 data. The result is shown in at 0 = 200 and 1.75 percent at 0 = 300 . One should bear
Fig. 19. The simulated A exhibits exactly the same be- in mind that (37) represents the worst-case estimation, and
havior in both amplitude and phase as the experimental the actual error could well be substantially smaller, espe-
one in Fig. II. cially for the Rayleigh critical angle OR,. The determina-

The locations of the critical angles are generally used to (ion of OR,. involves locating the point, where the phase of
determine the phase velocities of propagating modes, R(O) is r radians. Around OR, the magnitude of the reflec-
which are given by tance function for a lossless material is constant while the

t'. = v, /sin 0. phase * can be shown to have the form II

where tI,, is the velocity in water: the asterisk stands for tan 4, = 2 k, - k sin OR, (38)
1. (hotWItudtnal). S (shear), or R (Rayleigh): and the sub- a

script i denotes crtical angle. The percentage error in the where ot is the leak rate of the Rayleigh wave. The phase
estintuatton of t'. as a conscquence of the truncation of function ' is the antisymmctric in k, about 4* = 7r around
V(z) can be shown to be the point k, = k sin OR,. It is similarly antisymmetric in k.

At,. I cos 0. I cos 0 or t in the neighborhood of k. = k cos OR,. Since the sine

1,. - 2 sin 0. AO. = 2 - si- . (37) function with which 1P2(t)R(t)I is convolved is synmmet-ric, the phase function 4* around the Rayleigh critical an-
Equation (37) is plotted in Fig. 20 with I) as a parameter. gle remains essentially unchanged by the convolution,

.................................... ....................-



.222 IEEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. SU-32, NO. 2. MARCH 1985

provided that the width of the main lobe of the sinc func- that the shift distortion as a function of incidence angle is
tion At is smaller than the transition width of I, through of the form
the Rayleigh critical-angle region. For example, in the case
of fused silica and aluminum, the respective leaky sur--

face-acoustic-wave velocities calculated from the experi- which shows that the most serious errors occur at low an-
mental phase curve are almost identical to those predicted gles of incidence.
by theory. The problem of determining the true transform

The second problem associated with the generation of P2 (O)R(O) from a finite segment V'(z) of V(z) is a common
ripples can be partly remedied, though with some further one in Fourier analysis and spectral estimation. Various
loss in angular resolution, by applying a smooth apodi- techniques exist in the literature for extrapolating V'(z) so
zation function for the V(z) data before inversion takes that a more accurate determination of p 2(O)R(O) can be
place. The apodization function used in processing the made. Since P2 (O)R(O) is a bandlimited function, the
V(z) data is maximum spatial frequency being limited by the angular

2  extent of the pupil function, V(z) is analytic in the entiresin 2 (ru/D)
a(u) 2 (38) z axis [17]. In principle, an iterative algorithm proposed

n + sin 2 (rcu/D) by Papoulis [18] can be used to improve the accuracy of
where n is a free parameter for adjusting the tapering the estimation of P2(0)R(O).

characteristics of the apodization. The n = 0.1 is used to CONCLUSION

process the experimental data shown here. The resulting
apodization essentially leaves the data in the center of the We have demonstrated that the reflectance function of a
window unchanged, but it behaves much like Hamming liquid-solid interface can be determined by inverting the
weighting at the edges of the data window, corresponding complex V(z) data from an acoustic micro-

The obvious solution to both the resolution degradation scope. This inversion technique represents a more com-
and ripple problems is to increase the data window width plete approach to material characterization than previous
D of V'(u). Equation (31) shows that this can be realized V(z)-related work. The phase velocities of the various

by increasing the radius of curvature f0 or reducing the propagating modes in the solid medium can be obtained
aperture size or both. Also D can be increased by increas- directly from the reflectance function. The effect of ma-
ing the frequency of operation. For silicon nitride, R(O) terial loss can also be observed and quantified. Moreover,
can be reproduced much more faithfully if A6 is reduced this measurement technique provides a means of gauging
to ° which can be achieved by using an F/.5 lens with imaging performance of focused systems by directly mea-
a focal length of 32 mm operating at 20 MHz. suring the pupil function illumination. In addition, there

Another important source of error is in the estimation are useful practical applications in the area of thin-film
of the velocity of water. Since characterization, and many interesting possibilities exist

for more complex structures, such as multi-layered films.
u = z/X = zf/v The nonparaxial formulation of the V(z) integral is im-

then portant in that it lays a sound theoretical foundation for

the inversion measurement technique. The excellent
du = --- dv = -u dv/v. (39) agreement between the theoretically and experimentally

V_ obtained reflectance functions further supports the validity

Suppose the wrong ) city is used in the inversion. In of the nonparaxial theory.

(25) this is equivalent :o changing u to Although this work has been carried out and discussed
in the context of acoustic microscopy, the validity and ap-

u' = u + Au = u(! - Av/v). (40) plicability of many of the underlying concepts extend to

The resulting inversion is given by optical microscopy as well. Provided one can accurately
measure the optical phase, which is not trivial but cer-

SVtainly realizable 1221, the inversion algorithm described
1P2(t)R(t)]' = V(u) exp 1j27ru(l - Av/v)t] dui here can be used to obtain the optical reflectance function

or from the corresponding complex optical V(:) function.

IP-ItlR(t)I' = P2RJ(I - Av/v)t]. (41) ACKNOwI I)(;MtNIThe authors would like to thrnk Dr. Simon Bennett and
Theretore using an erroneous v results in a stretched re- Dr. lan Smith for the stimulating discussions related to
flectance function in t. Since the velocity of water has a this work.
large temperature coefficient, 4 rn/s per °C, this error can
be significant. It may cause enough misalignment of the AIIII NI)IX

inversions of the sample material of interest and the cali- Auld and Kino 1 1I9 -1211, by using the reciprocity theo-
bration lead sample to have a serious eftect on the deter- rem, were able to determine ihe normalied reflected sig-
ruination of R(O). From (35) and (41) it can easily be shown nal or reflection coefficient .1 from an object. The theory
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for longitudinal waves in a liquid can be stated in the form focus-beam acoustic microcsopy." IEEE Trans. Sonics Ultrason., vol.
SU-32, pp. 189-212, Mar. 1985.

[5] W. Parmon and H. L. Bertoni, "Ray interpretation of the material

jW (uip - up') ndS signature in the acoustic microscope," Elect. Lett., vol. 15, pp. 684-
686, 1979.

S11 =(Al) [6] A. Atalar, "A physical model for acoustic material signature," . Appl.4P Phys., vol.. 50, pp. 8237-8239, 1979.

[7] J. Kushibiki. A. Ohkubo, and N. Chubachi, "Acoustic anisotropy de-
where the integral is taken over the surface of the object, tection of materials by acoustic microscope using line-focus-beam,"
u is the displacement, and p is the pressure fields associ- in Proc. IEEE Ultrason. Symp., 1981, pp. 552-556.

te 81 J. Kushibiki, K. Horii, and N. Chubachi, "FFT velocity measurement
ated with an incident wave of temporal frequency w. Here of multiple leaky waves by line-focus-beam acoustic microscope," in
exp (jw ) time dependence is assumed. The superscript i Proc. IEEE Ultrason. Symp.. 1983. pp. 637-640.

denotes the incident or transmitted wave when the object 19] H. L. Bertoni. "Ray-optical evaluation of VQz) in the reflection acous-
tic microscope," IEEE Trans. Sonics Ultrason.. vol. SU-31. no. 2. pp.

is not present, and the unsuperscripted terms denote the 105-116, Mar. 1984.

total field at the obstacle. The parameter P is the power 110] P. M. Morse and H. Feshbach, Method of Theoretical Physics. New

exciting the transducer for a given incident signal u', pi. York: McGraw-Hill, 1953.
tihe ta dsdce fraien intent a ,p 111] 1. J. Cox, D. K. Hamilton, and C. J. R. Sheppard, "Observation of
The total fields can be written in the form optical signature of materials," Appl. Phys. Lett., vol. 41, no. 7, pp.

604-606 Oct. 1982.
u = U1 + ur (A2) 1121 J. A. Hildebrand, K. Liang, and S. D. Bennett, "Fourier-transform

approach to material characterization with the acoustic microscope,"
p = p, + p (A3) J. Appl. Phys., vol. 54, no. 12. pp. 7016-7019. Dec. 1983.

[13] K. Liang, S. D. Bennett, B. T. Khuri-Yakub, and G. S. Kino, "Pre-
where the superscript r denotes the waves reflected from cision phase measurements with the acoustic microscope," IEEE

Trans. Sonics Ultrason., vol. SU-32, pp. 000-000. Mar. 1985.
the object. Substituting (A2) and (A3) into (Al) yields 114) G. Mott. "Reflection and refraction coefficients at a fluid-solid inter-

face," J. Acoust. Soc. Am., vol. 50, no. 3, pp. 819-829, 1971.r (up r 1151 F. L. Becker and R. L. Richardson, "Influence of material properties
urp)n dS or Rayleigh critical-angle reffectivity," J Acoust. Soc. Am., vol. 51,

S ____(M)_Ino. 5, pp. 1609-1617, 1972.
S 4P (A4) 116] T. Bourbie, "Effects of attenuation on reflections," Ph.D. Thesis.

Stanford University, Stanford, CA, April 1982.
[f 1171 N. 1. Akhiezer, Theory of Approximations. New York: Ungar, 1956.

the object is a semi-infinite plane normal to the z direc- 1181 A. Papoulis, "A new algorithm in spectral analysis and band-limited
tion, sl I can be written in the normalized form extrapolation." IEEE Trans. Circuits and Systems, vol. CAS-22, no.

9, pp. 735-742 Sept. 1975.
i 119] G. S. Kino and B. A. Auld, "Reciprocity theories for flaw analysis,"
(uZp - u p1)dS ARP/..AFML annual review of progress in quantitative NDE, Cornell

University, Ithaca, NY, 1977.
V(z) • (A5) 1201 B. A. Auld, "General electromechanical reciprocity relations applied

SpidS to the calculation of elastic-wave scattering coefficients," in Wave
up Motion, vol. 1. Amsterdam: North-Holland, 1979. pp. 3-10.

121] G. S. Kino, "The application of reciprocity theory to scattering of

where the asterisk denotes the complex conjugate. Finally acoustic waves by flaws," J. Appl. Phys., vol. 49, no. 6, pp. 3190-

it is convenient to write the pressure in terms of the po- 2 3199, June 1978.
tential. For a liquid with u = V0, it can be shown that 1221 R. L. Jungerman, P. C. D. Hobbs, and G. S. Kino, "Phase sensitive

Hencelqiwh = it f s that scanning optical microscope," Appl. Phys. Lett., vol. 4), no. 8, pp.
p jwpO. Hence it follows that 846-848, Oct. 1984.

(231 J. Fraser and C. Desilets, Precision Acoustic Devices, Inc., Palo Alto,
CA, private communication.

(U~to -Uro) dS

V(z) = - (A6)
2 u'0'* dS

Note that for a perfect plane reflector located at the focal
plane z = 0 of a lens, 4/ = = &*, and u = -u':;
therefore V(z) = I.
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Precise Phase Measurements with the
Acoustic Microscope

KENNETH K. LIANG. SIMON D. BENNETT, MEMBER, IEEE, BUTRUS T. KHURI-YAKUB, MEMBER. IEEE,

GORDON S. KINO, FELLOW. IEEE

Abstric:t-The measurement and the use of phase in acoustic micros- high-frequency tone burst with sufficient accuracy. We will
copy are discussed. It is demonstrated that in many applications phase describe herc an approach that is relatively easy to imple-
can be used to provide sensitivity and information unparalleled by am-
plitude-only measurement methods. A technique capable of high-

accuracy measurement of the phase of short RF acoustic pulses is de- even from very short tone bursts. The details of the phase
scribed. The power of this phase measurement technique is illustrated measurement technique will be published elsewhere, and
in a number of applications. Surface material property measurements we will concentrate here on some of the applications of
such as the Rayleigh-wave velocity and the inversion of the complex V(z) the system to acoustic microscopy.
to obtain the reflectance function of a liquid-solid interface are consid-
ered. Surface topography mapping based on phase measurement is ex- There are many motivations for making measurements
amined. A Fourier transform approach for precision determination of of this type. Firstly, they offer a direct indication of ma-

linewidth, comparable to the resolution spot size is also presented. terial properties as in the measurement of Rayleigh-wave
velocity. Also, the results of the phase measurement can

1. INTROIDUCTION be used to infer the width and the height of surface fea-
tures. Finally, the combination of amplitude and phase

HE SCANNING acoustic microscope is a high-reso- measurements can be used in the reconstruction processes
iution imaging system in which, unlike conventional in which complete information about the interaction be-

optical microscopes, it is relatively straightforward to tween acoustic field and material is required, as in the in-
measure the phase of the return signal. With only a few version of V(z) data to find the reflection coefficient as a
exceptions [ 11-131, attention has centered only on the use function of angle 110].
of intensity information. In some of the main areas of ap-
plication of the acoustic microscope, the phase of the re- II. PHASE Mt-ASt!RF-M1NtT Sc si-ts-
ceived signal plays an important role. For example, in the As

so-called V(:) measurements 141-171, the amplitude of the A. Acoustic Lens Configuration

received signal V(z) as a function of the separation be- In making precise phase measurements that are related
tween the lens and the substrate exhibits periodic peaks to physical properties, it is generally important to ensure
and nulls. This phenomenon is due to the beating between that the reference signal, against which the phase of the
a specularly reflected signal from the substrate and a de- probing signial is to be compared, and the probe itself share
layed leaky Rayleigh-wave signal, which reerits to the lens as many of the instrumental and environmental phase dis-
while propagating along the surface of the substrate. The turbances as possible. In other words, precise measure-
phase diflerence between these two signal components is ments are best done in an interferometer, where the two
therefore of great imp, iance. and in fact it controls the arms are closely matched.
contrast of reflectional itnages. In addition, it has been In this work we have made use of Iwo acoustic eica-
shown that the independent measurement of phase and surement configurations that largely satisfy this general
amplitude can he very useful in the determination of the condition. The first (Fig. I(a)) is reminiscent of the de- ,

elastic constants of tissue [1. 191. However, little effort focused condition used in V( :) measurements, except that
has been made to extract the phase of the return signal here a fixed separation between the lens and the sample
separately. surface is maintained. Two components of the acoustic

One reason for the reluctance to make use of' the phase field returned to the lens contribute most signiticantl> it
is that it Is not generally trivial to measure the phase ota the output signal: the on-axis specular rellectton of the

longitudinal wave in the water ( L in Fig. I a) and the off-
Man,. ript r ict.Id sC'Ic Cinhtr 19X4. r , re% ,ed c bc r 1984 Iluh '.irk axis rays ( R). which satisfy the condition I', ' H -'ti sn O

%jp ,jpp,,rcd I', tit Air oftc v ( lit ",I . eitiht H t" irk h tLinder ('ont r,i I
14'9h2l 71) C 0217 for the conversion of longitudinal ,,a'es %,ith veloct'lt IH

K I ini,. 4 I Kholrri Y.gluh .I G. S Kin' it ar ilh the I ,Issitr I in lie water to leak' Rayleigh waves wth veloct,, ', on

(.int1101 .. it,,.i ,'tt. W % lan en -. ',irA'IITiC', I Ph's.S. S lnh,1IN I'111 the surface of the sample 141. 151.
.er,il Si.i , .l. ('ahhl,rni 94 WIS. ('SA hp

S I) ltinnet i, ".h I).t a ni , (orp 9 Ht I)c Acntic, (C'.nphell, ( T h se two signals, 1. and R. differ sligh ly in path length
,) 1 X) I'SA in walter but otherw,.ise cxperience inch the sa me en% Iron-
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(h) ous signals that are directly related to the amplitudes and
Fig I Acoulic lens c nfigurations (a) Raleigh-%%ave .elocity perturba- phases of the two time-distinct return signals.

tion measurement. (h) Topography mapping. The first configur.,tion is also used where the signal of
interest is the transducer output voltage, when the system

mIental disturbances. However, the Rayleigh-wave corn- is operated in the V(z) mode. In this case the exciting

ponent acquires substantial phase delay at the surface of signal has a much longer duration so that the return signals

the specimen. hence the effective path length for the R (L and R) overlap and interfere at the transducer even for

signal is longer than that of the specular reflection. Indeed large defocus distances. The idea here is to measure both

in our experiments we use the different arrival time of the amplitude and the phase of the signal relative to some

these two return signals to facilitate their separation and reference as a function of the axial separation z between

subsequent phase comparison. The excitation signal is two the acoustic lens and the specimen. The resulting complex

to three cycles in duration, and the defocus distance is V(z) can be inverted 1101 to obtain the angular depen-

sufficient that there is no temporal overt. j of the signals. dence of the reflectance of the liquid-specimen interface.

It is clear that changes in the Rayleigh-wave velocity as a From the reflectance function, various materal property

function of position along the surface of the specimen may parameters can readily be extracted.

be sensed in this way. By combining a high-accuracy phase In the experiments described here. a center frequency
measurement scheme with a suitably extended Rayleigh- of 50 MHz was used with an acoustic transducer having a

wave path. remarkably sensitive measurements can be bandwidth of 20 percent. The lens material was fused
made. quartz and had a radius of curvature of 3.2 nn, giving a

The second configurat: in that concerns us is illustrated focal length in water of 4.24 ni. The opening aperture

in Fig. Ib). In this case the lens is positioned so that its of the lens was 5.0 mm in diameter, corresponding to a
focus is at the surface of the specimen or slightly above it maximum half angle of 36 ' or an f-number of 0.85.

so that no Ral-eigh wave of importance is excited. A ref- Providing the same fractional bandwidth can he main-

erence path Is provided by an annular beam that propa- tained, there should he little difliculty in applying the same
tehnqe tot a prosystem oy an annular beae tap a

gates through the flat outer periphery of the lens. By ex- techniques to a s operating at much higher fre-
citing the lens with a short pulse. and once again using quency. perhaps up to 2 Gttz. levond that frequency, lim-

little discriminatIin to separate the signaIs fromt the ti itations in the electronic-switching components presently

dilferent paths, an interferoncter is formed. Now small available may present diliculttcs.

local ctlangcs in the surface topography rcsult in large B. lle'troni'"
changes in the phase it the focused beam relative to the . ri
phase ft the large tiameter reference beam. The essential elements of the phase measurement elec-

In both mcasurcment configurations it is apparent that tronics are showi ,chematicall, it Fitg. 2. The s\,stem %kill
the signals ot intcrest arri,,e at diflerent titoc,,, and this be described in detail in a forhcoming papcr 1181. s, here
wotuld ordinarik make phase comparison impossible. various sources of error and an ana sis if the ultimate
Hiotever. the electronic system described in the next sec- performance are discussed. A more general review of the
lion cssentially reconstructs two phase-coherent continu- concepts will suffice here.

v -.-
.. . .................................................................................................................. . . .. ".



268 
IEEE TRANSACTIONS ON SONICS AND ULTRASONICS. VOL. SU-32. NO 2. MARCH 1985

The basic scheme involves signal recovery by synchro- thus introducing phase error into the measurement. To
nous detection and subsequent phase measurement with a minimize this error, a feedback mechanism is employed
lock-in amplifier. The key component (Fig. 2) in the signal to keep the lens-to-specimen spacing constant. The acous-
source is the single sideband generator (SSB) with syn- tic lens is mounted on a piezoelectric (PZT) stack so that
chronous outputs at 100 kHz, 10.6 MHz, and 10.7 MHz. its vertical position can be adjusted continuously by an
The 10.7-MHz output is in fact the upper sideband of the electronic control signal. The acoustic on-axis reflection
product of the 100 kHz and 10.6-MHz signals. The lower pulse, whose phase is a direct measure of the lens to sam-
sideband at 10.5 MHz is suppressed by at least 50 dB using pie distance, is applied to the reference channel of the lock-
a standard FM radio system IF filter. The translation os- in amplifier as shown in Fig. 2. The reference channel
cillator shifts the operating frequency up to the desired generates a 100-kHz constant-amplitude phase-locked
center frequency of the acoustic system, which is 50 MHz replica of the reference input, which is then compared with
in this case. A reference signal at 49.9 MHz is also gen- the 100-kHz output of the SSB generator to produce the
erated. Again the lower sideband components of the prod- control signal for the PZT stack. The acoustic lens auto-
uct signals have to be removed. At this point however the matically tracks the surface topography of the sample dur-
filtering requirements are not as stringent as in the SSB ing scanning to ensure that the measured phase change is
generator and tunable bandpass filters (F3 and F4) with due to material property variation alone. This feedback
five-percent bandwidth are adequate, since the sidebands mechanism is also used effectively in such modes of op-
are now widely separated. This signal generation scheme eration as topography measurement to compensate for
is flexible in that the operating frequency is tunable over a thermal effects.
fairly wide range, which is limited in this case to 100 MHz
by the bandpass filters. For much higher frequency of op- IIl. APPLICATIONS

eration, filters with greater selectivity would be needed or, The power of this measurement scheme is illustrated in
alternatively, successive stages of heterodyning could be the following with a number of examples. We will consider
used with filtering at each stage to step up incrementally both material property measurements, such as Rayleigh-
to the desired operating frequency. wave velocity and complex reflectivity, and surface topog-

As illustrated in Fig. 2 with a 50-MHz acoustic micro- raphy measurements.
scope, the 50-MHz continuous wave (CW) signal is time-
gated to produce a short tone burst that excites the acous- A. Velocity Perturbation Measurements
tic transducer. Switch SW3 is used as a time gate to pass In this section we will specifically deal with the pertur-
the low-level acoustic return signals of interest and to block bation to the Rayleigh-wave propagation velocity as a re- ,
high-level extraneous ones, which may damage the pream- suit of material property change and also the presence of
plifier. The acoustic return signals are time-separated RF surface residual stress.
pulses, and they are electronically separated through time- 1) Velocity Perturbation Due to Thin-Film Over-
gating into two channels as shown. Each of the resulting lay: The sample in this example is a multiple-thickness
signals is mixed with the 49.9 MHz reference signal, and indium film deposited on glass. The thicknesses are 240
the product is narrow-band filtered to extract the 100-kHz A and 620 A, respectively. The objective was to measure
component. the perturbation of the Rayleigh-wave velocity caused by

It can be shown [181 that the 100-kHz signals are es- the indium film. A line scan over the surface of the sample
sentially low-frequency CW replicas of the pulse modu- (Fig. 3) exhibits phase changes of 70 and 110 for the 240-
lated RF acoustic signtls, bearing identical phase and am- A and 380-A step changes in film thickness. The spatial
plitude information. I ,ti a biphase lock-in amplifier tuned resolution of the system is defined by the Rayleigh-wave
to 100 KHz, one can readily measure the phase difference path length on the substrate and is determined to be about
between the two signals and also the amplitude of the sig- 0.8 mm from the step transition width in the line scan. It
nal being fed to the "signal" channel of the lock-in, if it can be calculated from first order perturbation theory [ 11
is required. Phase sensitivity is basically limited by the that the velocity perturbation due to the indium film is 0.18
lock-in amplifier because the problem of system noise can percent and 0.46 percent for the 240- A and 620- A layers,
in most cases be overcome by increasing the integration respectively. Based on these estimated parameters, one
time in the lock-in output stage. This effectively reduces would expect phase changes of 7.6' and 12' for the 240-
the system noise bandwidth, but it also includes the ob- A and 380-A step transitions. Hence there is fairly good
vious disadvantage of longer data acquisition time. Good- agreement between the experimentally obtained and the-
quality lock-in amplifiers routinely have phase resolution oretically predicted phase changes. It should also be noted
of the order of (. 1. which corresponds to an overall sys- that in the line scan, the small phase variations in the sup-
tern phase sensitivity of 1/3600 of a wavelength. posedly flat regions of the indium film are real and re-

In vclocity perturbation measurements the measured peatable. The fluctuations are less than 0.5' and are title
phase is dependent on the distance between the lens and to nonuniformity in the thickness of the indium film. Since %
the specimen. This distance changes with the sample sur- the phase sensitivity of the system is limited by, the lock-
face topography and is susceptible to thermal drift as well, in amplifier to 0.1 °, this measurement technique can po-

, % % %.
A,' A ,
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Ide l p b oo RADAL DS'AN.CE 'mm)tenhially detect velocity perturbations on the order of one Fig. 4. Residual stress measurements on the surface of a tempered glasspart in 10' .  

disk. (a) Vari._'ion of radial(()pen symbols) and tangential stresses (closed,-
2) Residual Stress Measurement: In nondestructive symbols) across a diameter of the glass disk estimated from indenation

testing, knowledge of the surface residual stress distribu- fracture tests. (b) Radial variation of measured phase perturbation.

tion in a component plays an important role in the predic-
tion of failure modes. One way of characterizing residual limit of the line scan, corresponds to a phase variation of
stress is by measuring the acoustic wave propagation ve- 30'.
locity. which varies linearly with the local stress 1121. With
the measurement configuration shown in Fig. 1(a) the B. Surface Tpog,aphy Measurements

measured change in the relative phase between the L and We have used the acoustic microscope in the measure-
R signal pulses as the lens is scanned can be shown to be ment configuration shown in Fig. I(b) as a high-resolution P-"
directly proportional to the residual stress on the object noncontacting prolilometer [131, 1151. Besides being able
surface 1131. to make use of phase prolile to map th. depth variation,

The sample used in the experiment is a glass disk of two we can also determine with high precision the transverse
inches in diameter that was heated and then thermally profile of surface features in special cases. Of particular
quenched with air jets to introduce a radial distribution of interest in this regard is the measurement of the widths of ,%
residual stress. Fig. 4(h) shows the radial variation of the long rectangular strips, which is a matter of great concern
measured phase perturbation. For comparison a destruc- in the fabrication of semiconductor components We will
tive test was carried , . on a similar sample to determine show here both experimentally and theoretically the ad-
the actual residual strc,,, distribution. A Vicker's indenter vantages of utiliting phase to determine the linewidth. We
was used at a prescribed load to produce nedian cracks at will also introduce here a Fourier transform technique f'or
different points on the glass disk. By measuring the crack lincwidth measurement in cases where the strip wkidth is%

lengths. the residual stress as a function of radial distance comparable to tie spot size.

was calculated 114]. The result of the destructive test is I) Depth Pro/ilin,: Topography images Of mectallizcd
shown in Fig. 4(a). The variation of the principal stresses stripe patterns on a fused-silica subi rate are sho\%n in
are essentially the same, with the radial and tangential Figs. 5(a), 5(b). aid 5(d). The patterns have progrcssivel1
component, tracking each other to within 20 MPa. Since finer pitches and the line%\idlhs are 250, 125. and 62.)
the phase uteasurecnieIt is oinidirectional in that a spher- pim. respect ivel. The metalli/ation Is Qold with a thick-
ital lens wkas used to launch Rayleigh waves propagating ness of about 3000 A . The gold stripes, showk tip a, bright
in all directions along the surface, the resulting phase per- areas in the images. At 50 Nlili,. \ ith an f-number of 0.85
turbation i,, a measure of the suni of the principal stresses. and a uniforly excited aperture. the Ra leigh resolution
Comparison of Figs. 4(a) and 4(b) shows that there is of the acoustic lens ,, 1.13 FX 0 .,96 X or 29 pm111. xhile
fairly good corroboration between the phase perturbation the 3-dB resolution is, 0.4 FX 0.54 X or 16 pin. The
curve and the actual residual stress distribulion. From 62.5-pm line image in Fig. 5(d) i, clcark resol\ed. as,
these results we empirically deduce that 40 MPa of stress, would be expected. The amplitude image of the 125-pm-"
which is the change from the center of the sample to the stripes is shown in Fig. 5(c) for comparison. There is vir-

. .:
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%
where , is the phase change due to the thickness of the
strip. Let the response of the imaging system to a line
source be h(x). Furthermore, suppose that the lens is uni-
formly illuminated in the back focal plane and the lens is

(a) (b) aberration-free so that h(x) is real. The acoustic micro-
scope output is therefore given by

V(x) = R(x) * h(x) (2)

or
V(x) = 10 K + ro (el' - 1) s(x) (3)

where
(c) (d a s(x) = h(x) * rect (x/w) (4)

and

K (x) dx.

The first term on the right-hand side of (3) corresponds to
the constant background reflection from the substrate, and
the second term corresponds to the additional spa-
tially varying contribution that is due to the strip. It can
easily be shown that for a thin strip where 4 << 1, to
second order in 0, the magnitude and the phase of V(x)
are given respectively by the relations

I'() s(X) 2V..,,( r) = K + ls(x) K] k (5)
2

2800A and
(8.3")

Vphasc(.) = - s(x). (6)
K

2504m

I The Vh,,(r) is directly proportional to 0, whereas the
Fig 5 TopographN inages of striped ietalli/ation pattcrns on a fused spatially varying part of Vmjg( .r) depends on 0 to the sec-

quarl; suhstrite rhe nctailhahion is gold and the thickne s is about 11130m) ond order. Thus for thin strips, phase is a much more sen-
A. [a Phase Image 'I 25() m Iinc' h) Phase image ol 125 ta1 hines sitive measure of the depth profile.
(c) Amplitud itrii ge ol 125 poi lines Id) Phase Image ol 62 5 -pn Iines
tel Perpcctiic plot of the measured topography map of the 250-pi line 2) Lint'width Mef'asurement: A major advantage of
pattern scanned confocal imaging systems such as ours is that be-

cause the point spread function is always positive and falls
tually no contrast to st: -cst the presence of a striped pat- off napidly at large distances, there is hardly any ripple in
tern. clearly illustrating that phase is a far more sensitive the amplitude of the step response 1161, 1171. A similar
means of gauging distances. The mesured phase differ- smooth transition in the phase of the step response can
ence between the surface of the metallization and the also be observed in the perspective plot shown in Fig. 5(e).
surface of the fused-silica substratc is 8.30, which corre- For the purpose of comparison, we have carried out a nu-
sponds to a film thickness of 2800 A after taking into rnerical analysis for the step phase responses of different
account the angular dependence of the complex reflec- imaging configurations. For small step heights, or equiv-
tance function and the effect of focusing. alently small phas e changes, the normalized phase step

We v Ill show here that. based on theoretical consider- response is of the form
ations, indeed the phase rather than the magnitude of the
acouttc microscope output V( x) is a more sensitive filea- ( ) (x/r)
sure of the depth profile. Consider the simple case of a

rectangular strip of width w on a substrate of identical
material Assune that the reflection coeficient of the ntwhere x is the distance between the center of the beamn
surface ;, real. Then the spatial response of the aitrip n
structure is given by the imaging system. It is asumed that regions on either

side of the step are of equal rellecti, ity. The step response
Rfr) I', F- l(e1', -1 ) recl (.i/w) (I function is plotted in normalized form in Fig. 6 for two
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4F* Fig 7. Spectral responses (itii5(XH) A thick Pold line\ on a iiised -quart/
suhxirate The riiiriline~ idths *ire 7t) pro. 4; pin. and .3 pin. rc-

[IL ;TI)IC I I t fV I It Vt IIV form of the spatial variation of the strip and its zeroes are
2 Step phase respoinse 4 a nornial phase interference mrirscipe located at
slid cursti and cuintusal imaging stemi lthemirs in dashed cujrse. I = /. i . .3 9
,xperiirentalicreslt in closed circleo, 1,2i. 9

The term UMf,) represents the angular spectral response

flerent cases. The solid curve corresponds to g ( , = of theim atigsse.Fracnfclsse l~i
tic (2 r sin ( /X. which is the point response of a normal maJum '/ = 0 and generally tails.- oft' monotonically.

ihase interference microscope whcre the illumination is until it becomes zero at the upper cutotti frequency of

plane wave. Here t0 is the maximum half' angle of the 1 I ( FXM
*hiective lens. X is the wavelength of the illumination, and where F is the f-number of thle lens. and X is the \%ave-
inc ( or is defined as 2Jl(7rx)/rx. Note that in this case
.r) reverses, in sign and its corresponding step phase re-leghoteiluntinI1.17.Hncte resf

ponse does not change monotonically with distance. The vilhaw( fi) are those of the strip respionse sk ithin the passN-
jin band of the imaging System. As oiI,lashed Curve corresponds to g (r) = ic(2 r sin O/X), oga

hle point response ot a confocal system. The confocal re- iv> [A 10
sponse Ohosm.s a distinct lack of ripples. The experinicn-

-the strip width vi can he determined using (8) from filcially meas ured ,step phase response is also plotted in closed
circle% shosm it close agreement with theory. In both in oain f h eoso I>JJ.I urcs -. 5
aging contigurations. the 50-percent threshold of the phase 'so in principle we can determine line\% Idths, as small11 aS

p1rilfile demarcates, the location of' the edge. It is obvious, 0.85 X or 25 pmti at 50 MIHz in water.
however, that the smooth transition of the confocal step The mierit of this Fou rier-t ransfortin Iechn11LILIe Ilics in it'

phae rspose nabes staigtfowar an unmbiu- implicity. Given a prio'ri knov ledge ut thle strip geonle -
irus determination oft not only the strip thick ness but also tr.ondeso ectoKn\theatntueifilain
the strip vidth, systemn. The mecre location it' (the zeroes fu~r thle "pettral

Th le 51)-percent threslh :critcrion used to locate the response of' thle Object suLflices, fur thie acc urate dct eruim-
edges oft a strip for esimating the linewidth is at valid on nat ion of' the Ii new% iith.
or wide ,trips, For strip wvidths, coinparble toi the spot size Fig. 7 fllutrates the experimental ,)I fo tr wi

a)t the imiaging stmthle step responses oif the two des76 poin. 43 pmi. and 33 pin, respect ivlv. The strips, dre
aire in clase 'pro'ximnit and tend to interfere with ea ch 500t0- A -thick gold lines, onl a ftised-n.uart/,suhstrate. The
ather. makingv the es~bihietof a iceneral criterion for acoustic miicroscope operates. at 501 MID iX 30 314im
locating! the strip edgies, difficult . We will describe here a itF -r.5anthacuicemisouednte

[iourier iransfairmr titetiod that circurnt\nts, these, difhculd- suirface of' thle fused-qjuarlihubsratec h 1 i. Hi 1,) iN

tic, Plotted ott1 a lit! scale. Thie \kcilIltlilt-, duIii th ie 11iaciug11-
Apl\trig littirier transform to 60) and usinte the dkefi ,s,,titn respatiso,'lM t ' Al (the ssj (il( to) Ole rciiliiuii

tilimn tit %I ) Ii (4). thle spatial f requencv spe t ritii i 11li1it IS \ f 4 1 11 1 tiIch n es deCeh . I he hitiessktl' idi sei unied
1,1 lwr ft iseenbront the position (it the firs, t eti t I', j1,ar 7(j A.

41's. and 31 .4 joit, re-spect is e\ I hex ice e rx \kel ss ith
Owth oitucalls, tmieaiircdil ss Jib I [he mlnar uisk~cpatetsc,

~ ;j lit/ a snc Iof I t~tare (Iii LI du iii thle nunnft Ini t die of~th i the
guild lines.

wAhere li ft I, the Former I ransforin atf hi t) [lie wl init addition, tislit,,rer iransfoirti tp)111i'h is1sen

with the sinc funtown citrresp(1nds iio tfhe Fourier traits Iiall\ insetisitise it)lficsic It is obs itus front 181 iOwli
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tItes A >414 cpnc o 'N) Iit.k 'tS ) ,m \hd hrmeliein
ttt-.et pir~irt/ u* trrt: arrr rts i u' Irw tjn~c, - ) I prn. tj)

defocusing only changes the spectral response of the im-
aging system 1ffif, slightly' and does not introduce any -

n0%s /eroes to nor does it affect the /croes of' Pha( .f, )I 0 ______

Fiv. S shows the experimental Il 1j,,jff, )I for a 2000- A - ~6 ~
thick and 7 6-jin-wide chromec linie on fused quartz at var-
ions dlefocusing distances. The locus was loeated on the
subst rate. and 60 pmn and H8) pm above the substrate, re- 94. 11,r- , V; y ,

spectively. 'The locations of the first zero in all three eases .r
are essentially coiecident. giving a width estimate of
70.3 prit.

3) 11I-oh jrt'ntn A1eamitrctncn of/ Vlci-ty Perturbation
t(11hd Iapairaphv: In conventional' acoustic micrographs, ..

surtace topography and material property both contribute V
to cont rast in the image. and their respective effects are
gccr Ininlst i nguishable from one another. Wvith the to- I tg 9) Independ~ent rrIt . SUrerrr-nis sI), % oi pcriurhairi irr itop igph%

S prottlc due It SINKtU A ilurrtntr himrr iep it, lopocriph - prttle %,inpog raiph tracking, miechanism described in Sect ion 11-2 (h ttpt ratph\ r lml , ant ,n an expatrrtte s jle ,I eo, t% Pertur-
built Into our phase mneasurement svstemn, surface topoc- baion ,it

raph\N and material prtrpert chancve can essentially be ob-
ta i ned i ntlpendent of each other.

Fig, ')(;a is the topographic line scan of an aluminum curve to determine only the RAx ciolh-xsae %clocity The
finm tep oin cla with a nominal thickness of 5000) solid curves Ii Fig. If) sho\% the maunitudeLI and the phase
[lie iitia(l an'd trailing slow phase changes are due to the of the theoretical reflectance function of .a water- fused-
large spat rirl extent of the reference signal as it traverses silica interface. 'The reflectance tunatt1m contains itor-

stp he e re-as the abrupt phase change is mcu to the mation on (the long Itud inal and ,hear crititeal angles. and
ftrc uised beam as, it cr- -cs the step. Fi.9(b) is the sarme thus the velocities of propagation of the respective modes
prattle(it. an expandc, ale. The phase change caused by inl fused silica. Almo, the Rasleigh critic il angle corre-
thec Ntep is, 11.25 . vs iich corresponds to a thiekness of sponds to the point at Muhch the phase is 7r radians in the
46811 A \&ith a limiting phase resolution ofO I.1', the ul- region, where the phase curve utidergoc s a rapid 27r ra-
tintat11 e it senIIt iv itv of the system is, about 50 A- dian chance.

I-i ~tc sossa ci ivpe1rturation scan of the samte It can be shown that the relation between V(c and the
sAniple I i phasec chancge measuired is 7.75-", correspond(,- reflectance fuinction ROP is eseitlsone of- Fourier

inlo a xclri\perturbation of 0.25 percett . hicli is Ii transformation 1101~j. Thie inversion formula is, civet by
fair iterccmclnt %kith the theireticall calculated value of 1)) e1 Iir snis2I

U, m"1  1)!' t) 1I 2 t sitU (t -)I
R,1~ it, tiit o l it crtttpt ) o mp x tt r I '(,-) \A, hiere

It lits been fiionst rated that the refleetance function
i.i Iitiil silitf interfaic can bc ohlamcd~ bx nix'rtttit: the 1. : sin (t 2 :

srrrt~s~trtlttimprrtle\ V : data 1 101 I'lie priticiple titi

tiitmit belt ind t Itis enIeaixor is thaIt trie car'm rtn o itl ritith Indh
rimer iettil nri~ral prtopcrt\ inifrrrtttrt fromt the re

flL'kI.tan5 C fmtrnitn tltan the usual mid tl rther Ittited Iteat sin 0 2
rient tfiteastitit the pertttficti. of the nutlls Ii ithe VtI st

V. .A.. **~* ~
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Characterization of surface defects using a pulsed acoustic laser probe
R. L. Jungerman, B. T. Khuri-Yakub, and G. S. Kino
Edward L Ginzton Laboratory. W W Hansen Laboratories of Physics. Stanford University, Stanford
California 94305

(Received 13 May 1983; accepted for publication 13 September 1983)

A pulsed acoustic laser probe is used to measure vertical acoustic displacements in the near field of
surface defects. A method of optically determining acoustic reflection coefficients in the time
domain is presented. The spatial variation of acoustic displacements over a slot is modeled with a
static theory. This theory estimates a depth of 230/pm for a 250-pm-deep slot. A near field image
of a fatigue crack demonstrates an application of the technique.

PACS numbers: 46.30.Rc, 42.80.Mv, 43.40.Cw, 68.25. + j

In the field of nondestructive evaluation of materials, and reflected pulses so no transducer insertion loss correc-
there is considerable interest in determining the location and tion is required. Also, since the measurement is made close
size of surface defects. Defects, such as fatigue cracks in the to the defect, diffraction and attenuation corrections are not
surface of a metal sample, can determine the failure of the significant.
specimen under load. Acoustic surface waves have been used Figure I demonstrates this technique for a 375-pm-
to locate and size defects using time domain reflectometry.' 2 deep slot in an aluminum sample using a 5-ps acoustic tone
In this method, a piezoelectric transducer is used to excite a burst at 1.5 MHz. The measurement is made 1 cm from the
short acoustic pulse. The reflected echo from a discontinuity slot. The experimental reflection coefficient is 0.32 ± 0.06,
is then detected with a transducer. The amplitude of the as compared to a theoretical prediction of 0.23.' The princi-
reflected signal gives information on the cross-sectional area pal error comes from ringing in the transducer which causes
of the defect while the time delay of the echo determines the the fluctuating baseline and makes a precise estimation of
defect position. In analyzing the acoustic reflection coeffi- the peak amplitudes difficult.
cient, allowance must be made for the transmitting and re- The second method of characterizing defects is to fix
ceiving transducer insertion loss, acoustic attenuation, and the laser gating time delay so that the incident acoustic pulse
diffraction. In addition, it is often difficult to locate the de- is centered over the defect when the laser is switched on. The
fect precisely, knowing only the time delay of the echo. In laser spot is scanned across the defect to measure the spatial
this letter we will present a method of optically measuring variation of the normal displacement of the surface due to
acoustic displacements in the near field of a defect using a the acoustic wave. Steele has developed a theory6 to calculate
laser probe. Two methods of characterizing defects will be the vertical surface displacements near a rectangular slot in
discussed. The first is a variation of time domain reflecto- the surface of a half-space when loaded statically in tension.
metry, using the laser probe to detect the incident and re- The displacement curves are a function of the slot depth t,
flected acoustic pulses. Calibration is greatly simplified us- the width e, and the applied longitudinal stress a. By operat-
ing this method. The second approach involves measuring 70
the spatial variation of the vertical acoustic displacement
over a defect to determine its dimensions.

The laser probe used in these experiments is a variation 60-

)f the all-fiber-optic interferometer described in earlier __ l

work." The probe c npensates for optical reflectance 50Y LAS5

changes encountered kle scanning rough surfaces, making -
it applicable to surface finishes produced by most common oD

manufacturing processes.' We have adapted the sensor to TRANSDUCER
operate in a pulsed mode in which the piezoelectric trans-
ducer is excited with a short tone burst. The laser diode is 3

gated to turn on after a time delay which allows for the J
acoustic transit time between the transducer and the loca- 20

tion where the optical measurement is made. The acoustic
transducer and laser are gated with duty cycles in the range 0
10:1-100:1.

An optical measurement of the acoustic reflection coef- 1)
.. ient can be made by positioning the laser probe spot in the 0 '0 2o 30 40

near field of a defect and between the acoustic transducer pse¢ OELA=
and the defect. As the time delay between the acoustic tone FIG I Time domain measurenient of the acou'tic rfl'ction coeffiuLent

from a %lot in an alumninumi .anple I he unie delay het%%een the acou~tticburst and laser gating signal is increased, the incident acous- ton a st ii an a in sampli 1he to deaete the coetantone burst anid the I,Lwr gating %.lgnal i% used to separate the int~tdent anti ,

tic amplitude, and then the reflected ampiitude. are mea- refie,ed piil]set. Ihe reflmn.iton ,wltiLent i% (2 , 0(Oh the acou,tic fre-

sured. The same laser probe is used to measure the incident quency i% I SMi1z and the Oot depth 1% 375 im"
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FIG .3 Austic displacement image of a fatigue crack inanalmiu
"ampl V'rlical displacement amplitude is plotted as a functwii of position

IIG. 2 Verlical displacemcents in the near field cia slot with I 5-MHz Ray- The drfCL 1% 450 Aim tong. half penny shaped, and 2MX)Mm deep T he 5 5- .

leigh wave excitation 'he tiatio: theor\ pros ides an upper bound idashed i MI-Iz aciu-.iic transducer ii to the left.
and a lower bound (dotsl for the vertical displacements The half-%idih dis
used to predict a slot depth of230pum The true slot depth is 250 PmteueofIhuprorlwrhoeiclbnd

The pre% ious experimental results hase been lor long
ing in the long wavelength regime (the Rayleigh wavelength sav. cuts,.\ htch are almost as wide as they are deep. A p01cm-
is much larger than the defect dirnensionsi, we can apply this tial application of the probe to the characterization of a fa -e
theory to a slot tinder the influence of a Rayleigh wave stress tigue crackI in ain alumitnum sample is sho\w it in Fig 3 The
field. Near the surface, the shear stress is zero and the longi- defect is 4 50 pm long, half-penny shaped. anid approximate-
*udinal stress along the direction of propagation z decays ly 2(Xjim deep At in acoustic frequency of 5.5 %s1l11. the
exponentially with depth y.' IThe value of cr.,(y) averaged acoustic ittiage of vertical displacemnent amplitude as a func-
over the depth of the slot is used in the theory. This value of lion of pos.ition clearly determines the location and length of
a.,, can be normalized in terms of the incident Rayleigh the crack. Precisely estimating the crack depth fromt the
wave amplitude at the surface u,,. acoustic dis-placemetit profile is complicated b% the nonuni-

Figure 2 presents the theoretical and experimental formndepth and finite length ofithedefect which niccessitatea
curves in aluminum for a long slot, l60/im wide and 250/im three-dimensional atialsis.
deep. The 1.5-NIHz acoustic transducer is to the left. Stand- In conclusion. "e have demonstrated a pulsed acoustic
ing waves due to rcflection from the slot are evident to the laser probe which makes it possible to measure acoustic re-
left of the slot. The'-e dynamic effects are not treated by the flection cioefficients and vertical displacements in the near
static theory. In the bottom of the slot and to the right, the field of surface defects A static theory is applied ito the near
properties of the transmitted wave agree well with theory, field amplitude distribution to accurately estimate the depth
particularly near the slot. Further to the right, bulk waves ofa slot. Finally, practical applicati oif (le probe to fatigue
from the bottom of the slot give rise to other dynamic effects. cracks is illustrated
Taking the average displacement far to the right of the slot as The authors would like io thank R Stearns. C. R.
the incident displacement u, (the transmission coefficient is Steele, and S 1-1 Yoo) for their helpful discussions. M* Resch
nearly unity), the theoretical curves are normalized by the pros idCd (the fatigue crack spewcimen. This work %%as sup-
calculated constant: ported by the Attes Research Laboratory for the Defense

a., Fu,-= 033,Advanced Research Projects Agency tinder contract No.Eul(~i an the NS 3R.rga houhteCne
-Ahere Eis Young's modulus. Note the vertical component of for Material-, Research at Stanford University
the incident Rayleigh wave displacement, which makes it
possioble to normalite the curves,, also raises the curves by a
constant offset. [he static theory" provides upper and lower 'MNir j anid It I luki. J Aoust Sok Am 72. W~2 ,IQ'2,
bound% on the displacements. The experimental points lie J 1) Ajierib.1 h. A% K Ga~uirrsen. and 1) A 'viendlr-1,ohn. 11i 11Trans
betwAeen these curses, lbr the trainsmitted field near the slot. Son (tltr.i-,n St.27. 124 11 4K $

IJ I ltorirs. Appl l'h% I ell 41, 211I 1Q'iPerhaps, more importantly, the distanced between the center 'J I. llc K I iriugronin. It I Khtiri N akub. indl (i N kio Ii
of the slot and the point where the amplitude equals, the IioA.ise I c~h 1 1-1. 4>'4 15h1.

imiperturbed R~jN .lt-gh wave amplitude canl be calculated 'R I Juirgernii.It I Ktuui Yakuh. mid( S Kin'. 3 A,,m0 ',k Am

I ri in us disltnce, a crack depth of 2 30 prm is estimated. 73. H ISIX nd,1991is~ti-ii, e u-h

liose to the true value of 2 50 ;iin. The calculated valuec of the I A Viktiros. Rakj,'rgh and iu.mp iRaier i'icrum. Nr% L %'
half-width d does tiot depend on thfe acoust ic frequency or on 4
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ABSTRACTA L C O

A Fourier transform technique is used to INCiOrNT REFLECTEO VAvE FQOM S5;.P

quantitatively determine transverse widths of PLANE ,WAVE R(kx, KyHR A
surface features. This technique Is based on a H(k AY, *E

t  
ZE NAvE

)eneralized theory wnich takes into account the .00m A B S"ATE
angjar dependence of the reflectance of the sur- - ,,.
face being examined and tne effect of defocusing. "
TMis neasurement technique is essentially indeoen- /%
dent of material properties and the focusing of the x
Iens. Experimental results on linewidths as small
is )ne wavelength will be presented.-. \ N

New experimental results !n material cnarac- z N N
terization by tne inversion of V(z) to obtain t e . A -
:omolex reflectance function R(e) of a liquid/ P

solid interface will also be presented. The result 0 - ".-1IN s "

of in alternative derivation of the integral rela-
lion between 4(z) and R(s) . nich does not re-
juie any paraxial assumption, will be given. Fig. 1. Kirchoff approximation to the aco's:o

field reflected from "nin scrop
deposited on a suostrate.

I. Line Width Measurement
xg a x . The thickness f :'e ;:r' s is-

:naqes ootained 1th a scanning reflection sumed 'o be very mucn smaller "tnan , o t.ni: .Te
acoustic nicroscooe contain uantitatlve Informa- only significant reflection is 'r)n :ie * o > r'ace
.Ion ibiout Sne vertical depths and traisverse of the strip. It can :e shown that "ie ic-, s";
Sitlhs of r.e object surface features. It will be microscope output voltage is a "'nc. on )r :ne
shown in tnis paper that in some special cases, the strip position xs has the torn
transverse limensions can be determined with high -
)recision. A particularly simple case. yet one of X- x ,
,ucn orctical Interest, is the measurement of te v(x) rect , x

NiItis of long strips Nith rectangular cross-sec- - S
',jns. 4e will introd%,:e a Fourier transform .-

jPoroacn to sne line - -1 easurement proLlem.
The theor.tical 'ounda- ;n of this Nort is based on
i onolete lodeling of "ne spatial response of a (h ,s;n Ix; y r.

:onf)cal sag System to a rectangular strip,
wnicn *.axes iccount of tne dingular dependence of --

the reflectivity of the o ject. rhis Fourier tech- wnere
,ii ue 4W ),e shown to De especially usefual in de- -- p,

te-iming strip widths :omparible to the focal spot i"iv-
:iIe. uvperiments eljnducted it -50 MHz will1 e 5"x]) C "F - j * CC

3resented to lemonstrate the basic principle.

-I
*. 4 o , ' , A 4 r f ' '''

.insi ler a tin itrip IeoosI'ed on a ;emi-
s'it lot rite )f i jlis s imi ar id ter ial as

ViGwn '1 ;]. I. Suppose the strip is infinite In 1
1cC ,J') - 4 4,.

f'9 y iirection, ias iith and is .entered at 1

%U
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and h'(xOyo) and h(xoyo) are respectively the the strip width can be determined from Eq. (5).
acoustic microscope point spread functions (PSF) at For instance, if F - 0.

85
X . one can, in princi-

the top of the strip and at the surface of the Sub- ple, resolve line widths as small as 0.85A
strate, and RF and R are respectively therfetnefnt onso h water/filIm interface '
reflectance functions the ateThe power of this Fourier transform technique

and the water/substrate inter'ace. lies in its simplicity. Given a priori knowledge
of the strip geometry, one only has to be aware of

The second term of vo(x ) in Eq. (1) is un- some general properties, but does not need to know
important because it is a constant due to the back- the exact details, of the imaging system response.
ground reflection from the substrate. The first The mere location of the zeros of the overall spec-

term, however, explicitly shows a convolution rela- tral response suffices for the accurate determina-

tion between rect(xo/D) , which describes the geo- tion of the line width.
netric width of the strip, and an effective line
spread function h"(xo) that takes Into account dB
the different reflectances and vertical heights of 0 %

the surfaces of the strip and the substrate. In -

other words, vo(X ) is a blurred image profile of -.--. -.- 43gm

the actual strip. v0 (x ) can be a very complicat- -2o K . , ..

ed waveform, particularfy when the strip width 0
is comparable to the spot size of the focused _-

acoustic bedm, or the beam is defocused. This \I dF

maKes It difficult to accurately determine D by ,

locating the edges of the strip. This difficulty -60 W- '76 3,m

with the spatial domain response is the primary mo- r 3 .4m
tivation for the Fourier spectrum approach to the W43 5gm

line width measurement problem described below. -80 _

0 a 16 24 32 40

Since a convolution in the spatial domain cor- 10,3

responds to a iultiplication in the spatial fre-

uency domain, one oOtains from Eq. (1) Fig. 2. Fourier spectra of the acoustic nicroscoPe

spatial response to 5000 t hicK old.
lines on fused silica from I to 2.5

1 (?" ) 0 sinc(Df x) H (f x 3 (fx) (3) wavelengths wide.

onere H"(f ) is the Fourier transform of 2. Experimental Results
n"'a 1 ) . 1(f ) vanishes it the zeros of the

~sinc' functior, which occur at Fig. 2 illustrates the experimental d f) 1

for 5000 A thick gold lines deoosited on a'fused

quartz substrate. The optically-measured widths
Df n n - . 2 ... (4) are 0 - 76, 43, and 33 .m , respectively. The

acoustic microscope operates at 50 'Hz "" - 30 mj
with a f/0.35 lens, and the acoustic oeam is fo-

:t follows ".at cused on the surface of the fused Ouartz SuOstrate.

The line widths estimated from the position of the

first zero of 15(f ) agr~e very well with the
3 n/fzero (5) optically-determinel widtV-. The minor 11screoan-

ties are mainly due to the nonuniformity in the
widths of the gold lines.::an he ;nown that a ;onf,.cal s'stem, iH"(fx))

has 1w pass :naric:J stics with i upper cutoff In addition, it is important to realize tnat

f-eluency )f this Fourier transform approach is essentially in-

sensitive to defocusing. :t is obviouS from Eq.
(3) that defocusing only :hanges the ef'ectve

,ay • 1/, F) (6) spectral response -".f1 , lijntly, and Ioes not
introduce any new zeros to, nor does it affect the
zeros of, If )• ig. snows the axoerinental

.nera i I the '-number if the lens. is ,,(f ): for a 2000 , thlCl and '6 .,n iLoe
'n ,eneril non-zero 4itnin the oassband, and is Chrome :ine in 'sed luart: it various lefocising
S:ent:i :I zero joove the ,:utoff 'reiuency. Thus listances. The focus as i nn 'ocated )n, ino

the eros )f V-f ) 'r 3 < i are at ik ,, n l te e subsrite. Ihe
ir -X la m otove, esotie i

X~ I': "lose .tAe *siic esoonse thne itrio• P cations if the 'irst zero n ii three :ases ire
s ,rn, t -th zeros fill insile the passnand, ie. essent;l ! i l! C inci dent, 1 V~I M Jf ,,3th estimate if

'6.3 uii.

3 :, 6)

-- "-



dB

Z. 1 (VL P P(k~ ) 0

X 0P(k )*0
z

;1 -401- 1qgeneral, P(kz) is not known a priori. However,
P (kZ) can conveniently be calibrated by inverting

-60 W 76.,Lmthe 11(z) for a liquid/solid Interface whose re-
flectance has uniform magnitude and phase over the
angular extent of the lens pupil function. The wa-

-80 ter/lead boundary is one such example, and the rmag-
0 8 '6 24 32 40 nitude and phase of the reflectance is essentially%

=X K10,3- flat from 0" to 40* incidence.

Fi.3. Fourier spectra of the acoustic microscope p(cA
spatial response to a 2000 Ai thick and AIR B8AC 11N G TRANsOucER

76 win wide chrome line on fused silica at
different defocusing distances.

a PLANE

:. Material Characterization by Inversien of 4(z) O\ OJAP'ER WAVE
M~A " S lG L.A YE R

The Fourier transform relation betmeen V(z) z INA T E R
and thMe the reflectance R(9) of a liquid/solid
interface has bieen derived and d~m~nstrated experi- F - - - - --- OCAL P0ANLE
niental ly in acoustic microscopy. - However, tieI 1
iCz) integ~ral on wohicn the derivation of the Four- :9jE:" PI.AmE

ier t.ransf)ri relation is based is formulated Jsing
tne d)irixi.1 approximation,. and is therefore not
ial id for acouStic lenses Aith a large angle of Fig. A. Special focised transducer jseo for the
:onver'gence. An alternative hybrid formulation, 4(z) neasuremnents.
whiChI comboines elements of angular spectrum and ray
*optr- 'ar-natisms, has been carried out and the This inversion approacn to material Cnaracter-
res~slt is liven Delow. It should be noted that 1o ization is different in that it requires the
.acrax'al issumotion is necessary for its oevelop- neaSurement of 'i(z ) In both amplitide and phase,
nent. Npew results for different iaterilS obtained whereas previous vork4'5 jitil ized only the amipli-
by' inverting comolex 4(z) data acquired with a tude or intensity of i(z) . It is generally not

;oc ionperical transducer operating at 10 Miz trivial to conduct niqh.j-accjracy phase neasiirements
jr ilso shown, in acoustic nicroscooy. e niave developed a phase

neasurement system' thadt ndkeS possibile thie pre-
cision acquisition of phase data and thle experinien-

7h'efory tal demonstration of tIle inversion t-chi~nqje.

7he soecial -aSe Of a focused spnerical trans-
locer aiitinq 1irectiy into water with no buffer 2. Excerlimental esults
nielij is -rnsilered as snown in Fig. 4. rhe prac-
ti-i sI n iflcance of -s' acoustic lens ronfigura- A special acoustic lens is ised 'or the 1z

*A~ wil e cplane ter. The special tns- neasurement. The acoustic trndcris a piezo-
:Rr ,e!mot -1 sjnolif9,, . ne derivation, and yet .Ihe electric element in tie lorrm )f a Spheric;al Snell
'inal iolujtion nas ;eneril ialidity for any acoust- with air Dacking and a juarter-wave nat1ng1 layer

.- ns confijortioin ohich produces zovran on the front face. Pie transducer enerites i on-
pnierifcal 4ave. verging Spherical wave iirectly into water. i''S

'Ia heShon tat neacoustic lens confi,;uratio)n Is advantageous "or the
:t-i 'esow it i oltige ^I5oo,se 0(z) measurement for tne following reason. The

I f '"e usotransoucer is ]1ie !if el linatin of -he buffpr rod rehnoves thie syste-
iiatic noise jue to -everneritons inside thle nuffe!r

* rod. This type )f noise tenas to :ive-lap in ti-n
with thie reflected signai 1~ r thm ne ct wt
the present iens :onst~jctioh, tie icisti'c lens
.an ")e transl ateu aver a wi~e - nqe )f to :ol -

nr! 2z i s thie Aoe oector :Lovtioonixt 'Ct 41ZC Iata In in -!ssent'L Wy loise-free onvi -
1 ~ ') ~ i.t , K' "i'5te duoll ',nct')n "Onment.

.- j,) P , 1 1, ,, T ij ante fc anc Mw The Soherical trans,,jcer nas i 'ocal 'enqth )f

tit . ano R(K,) form a Fourier 16 ii m.1;).? 7 pertjre, lid Is oOCrited it2.
tins ~ lip Ia' h nverlon to jotain Rf, 5 Hz. many )rict'ca' :ons!' eritIins ;o nOtis

;!'Pn

%p
%.



particular choice of operating frequency range.
The inversion of the V(z) is most conveniently

carried out for a lossless liquid medium. The loss -o- _ -,

in water is essentially negligible at 10 MHz , and - .

so satisfies this requirement. Moreover, the wave- -- E. *°*

length in water of about 150 im is sufficiently
large to render any irregularity and instability in

the vertical translation mechanism insignificant. o_"
For tie same reason, the measurement is less sub- 0 " 24 32 'C

ject to error as a result of surface finish imper- _

fections in the sample.

Figure 5 shows the reflectance function of a
water/fused silica interface obtained by inverting ,

tie corresponding V(z) and then normalizing out
P2(k, ) of the transducer. The theoretical re- %
flectance is also shown in the solid curve for

comparison. There is good general agreement be-
tween theory and experiment in both magnitude and :r 24* I" 40'

pnase. The experimental shear critical angle at
23.5"' and the Rayleigh critical angle at
25.35J compare extremely well with theory. Fig. 6. Comparison of the tneoretical and

The longitidinal critical angle is not reproduced experimental reflectance functions for a
in 'he experimental result due to the angular re- water/aluminum interface.

;joljtion degradation problem c used by the spatial %

trincition of t ie V(Z) data. whlic corresponds to a longitudinal wave velocity

of 2750 ,i/s . The magnitude of tie reflectance

FUSED ,sLcA peaks at 0.7 rather than 1 . is would be the
cas.e for a lossless substrate. 'he x mount )f ,i-

- *. -- iii nuti on of the peak l evel lepends )n tile IoSS 'or
the longitidinal mode. The tneoretical ;jrve is

fitted to the experinentil one by 4ariing tne lon-

g1't'. :itudinal loss fictor L . )L is 'ound to De
about 50 , which translites into an attenuation

coefficient of 232 nepers/i , or 20 18'.i, at
10 -qHz wnich agrees well 4i itner puo0 snel

" 24 i" 4'o values.
5

.

24 32 4c).

• 5. ';nparison )f the theoretical 'soli,J line)

ino experlnental (dasied line) reflectance

Jnctions for a water/fused silica inter- -

face.

r']ure 6 is the reflectance 'unction !or il i -
1ihU . A ain, the 'it between t.heory and experi-
ient !S iery Ood. The longitudinal and snear ;ri- •

! :il ingles snow up -learly in the experi",ental
,eskit in this -ase. The Rayleign crltic,Il ingl. , . ,moar,-,on 2 *'e P'..iret'-i ioll t-' -

's ',)cated it " 0 wnichi lives i phase nentai re# dti.~ ," ' '

eI )rtry )f 2997 n/s for :ne leay surfice -atel De'* f is -it' %e.
i d -ave.

.,ure 7 snows the reflectance 'incti )n o)r 'n%
a s or 'licitp, a low icoustic velocity Id-

'r"li 1 it 'Il 0, )sS. 'h i - an- i 'I I uJst |Ites 4e lve !e ,e' u ." it t I -),r, -
'N ;ss 'n naterials :an be letermined. "he Ion- :r-ns' )riar I f ''.' , '' 1'r-'t.

A 1 lI :riticil anglo i-, ocated at li 22. tp se )f St~S~~ -t1 i i r -~~



the technique is essentially insensitive to the
characteristics of the imaging system. Line widths
c:omparable to a wavelength can be determined accur-
stely with this method.

Niew results on material characterization by
the inversion of complex V(Z) data have also been
inown. The result of a imore general and non-par-
axial formulation of the V(z) integral is given.
This inversion technique represents a more complete
approacn to material characterization than pre-
4ious 1(z) related work. Phase velocities of
various propagating modes in the material of inter-
est can be determiined from the reflectance func-
tion. 'n addition, acoustic losses can also be
!stlImated.
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IINTRODUCTION

Recently, a great deal of attention has been devoted to prob-
lems of manufacturing technology. NDE techniques are beginning to
be considered and to be applied to problems of measurement of
structures during the manfacturing process, rather than only -
determining whether there are faults present after manufacture.
The major advantage of adopting such procedures is their cost ef-
fectiveness. Lithar expensive manufacturing processes need not be
carried out on parts which already have faults, or an earlier
process can be repeated to eliminate the fault before carrying out
further manufacturing steps.

Such problems occur on both large-scale devices familiar in
conventional MDE, and on small-scale devices such as semiconduc- "5
tors, diamond machined parts, and magnetic recording heads and
disks. The conventional MD! techniques can prove extremely use-
ful, but they mst be scaled down to the appropriate sizes.

We shall discuss, in this paper, measurements of surface fea-
tures, measurements of near-surface material properties, and to a
limited extent, measurements of certain types of electronic prop-
erties of semiconductors. We will discuss techniques which we
have examined and which may be of help, in particular, for use
with semiconductor devices and magnetic recording devices. We
summarize some of the possibilities of measurement of semiconduc-
tors in Table 1. We consider first the problem of evaluating sur-
face profiles. A typical sequence of operations in the manufac-
ture of a semiconductor device is shown in Fig. 1. Layers of SiO,
are routinely used tn semiconductor devices. Roles are cut in
them by the phatoresist process shown in Fig. 1. The photoresist
in this example is laid down on top of the SiO., and is exposed
photographically. A hole is cut in it by removing unexposed
photoresist with solvent; the Sio, in this region can then be
removed by etching. In practice, ,iltiple-layer systems can be

%..
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Table I.

SEMICODUCTOR

Surabe Poile

'Width and Thickness of Metal Films
Width of Holes in Photoresist
Edge Profiles in Photoresist

Width of 'Holes in S102
Thickness of SiO2 Layers

Other Needs

Ta measure thermal bonds, film adhesion, carrier

recombination rates, and doping density

SILicaO CDIoIE- (C) SILICON SLICE WITH

SILION SICE OXIDE FORMED ON
SURFACE

P94aORESsr-~~~~ (b)PMOTORESIST L.ACQUER
SIUiCON OXIDE- ~ ~ APPLIED TO SURFACE

P"OTRIESST Cc) PHOTORESIST EXPOSED
SIUCONOXIDETO ULTRAVIOLET LIGHT

THROUGH PHOTOMASK

EXPOSED
PHOTRESST _____________(d) UNEXPOSED PHOTORESiST

SILICON OXIDE~ j REMOVED WITH SOLVENT

EXPOSED
PHO1'OESIST(a) SILICON OXIDE REMOVED

SILICON OXI0E By ETCHING

SILICONOXIOIE(f) P"OTORESIST STRIPOC":
SILION OIDETO LEAVE 'WINOCW

IN SILICON OXIDE

Fig. 1. Selective oxide removal by the photoresist process.

made in this way, and it is obviously of importance to be able to
mueasure the width of the holes so cut, the shape of the edges of
the holes, and the thickness of the individual layers that are
being formed.

- - *44< 44~~* ~ 7-- - -r -* . - .. .4'*. < .,'*.



Further steps in the process may be carried out, as illus-
trated in Fig. 2. Similar kinds of measurements are required at
each step. Each of the features that must be measured are pre-
sently of the order of one to a few micrometers in width; as pro-
gress is made, the requirements become more and more severe, down
to 0.5 um or even less. As there may be several hundred thou-
sand devices built on one chip, it is impractical, regardless of
the measurement system used, to measure every device on the chip;
the information content is too large. What can and should be done
is to measure test samples on each chip to evaluate whether the a'

processing methods employed are working correctly.

A similar set of problems occur with magnetic recording disks
and heads. A simplified illustration of such a recording disk and
head is shown in Fig. 3, listing some of the properties that need

to be measured. In magnetic recording, the magnetic recording
head floats on an air bearing a few thousand Angstrom away from

the disk on which the recording is made. The disk is typically of
aluminum with a -I Lim thick layer of ferrite-filled epoxy laid
down on it. The thickness of the air gap is of great importance. i

n= (0) OXIDIZED n-TYPE SILICON SLICE

SILICON OXIDE (b) BASE WINDOW OPENED IN OXIDE
J I + " B Y F IR S T P H O T O R E S is T

n)P ROCESS SEQUENCE (FIG. 2.6)

; (C) p-TYPE SASE DIFFUSED IN.
n "  AND NEW OXIDE FORMED

' J(d) EMITTER WINDOW OPENED BYSECOND PHOTORESIST SEQUENCE
nq

(e)n-TYPE EMITTER DIFFUSED IN,"21 -+7 JAND NEW OXIDE FrORMEO

In

+. /p (f) BASE AND EMITTER CONTACT
____.__, __. _______ WINDOWS OPENED IN OXIDE BY

THIRD PHOTORESIST SEQUENCE

-- r--- P' J (qJ ALUMINUM CONTACTS EVACRATEO
__ ON AND DEFINED BY THIRD

PHOTORESIST SEQUENCE

S(h) SCE CUT INTO WAFERS, EACH
[ j - • WAFER MOUNTED

Fig. 2. Steps in the diffused planar process.
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SFLOATING HEAD".

CERAMIC AIR GAP
PARTICLE

FERRITE FILLED EPOXY

Al DISC

Fig. 3. Simplified schematic of a magnetic disk and head. Need
to measure: surface waviness, roughness, thickness of
epoxy, filling factor, air gap, head surface, stress pro-
f il.•

The filling factor of the epoxy must be known and the thickness
and waviness of this layer must be controlled very carefully.
Furthermore, in order to stop the head from "crashing" on the disk
an the disk slows down, ceramic particles are distributed in the
epoxy on which the head can rest. Other problems occur in the
manufacture of the head itself. Stress in the ceramic material of
the head can cause it to bow. Careful control of its surface
finish and its flatness are required, as well as measurements of
the air gap between the disk and the head and measurements of the
disk itself.

The types of sensors which can be used to make the required
measurements are varied, but are basically scaled down versions of
the sensors normally used in NDE applications. Thus, the optical
and acoustic sensors required typically become microscopes of one
kind or another, as often the photoacoustic sensors become. A
summary of the types of sensors that could be used is given in
Table 2.

We shall now discuss some examples of the sensors 'Which can
be used and which we have tried in simple applications.

Table 2

TYPES OF SENSORS

Otical: Scanning and Standard Microscopes

Acoustic: Range Sensors, Scanned Microscope.

Acoustic .ave Propagates in Solids,

Liquids, or Air.

Photoacoustic: Measures Thermal Effects in Solids,

Liquids and Air. Also Measures Electronic
Effects in Semiconductors.
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THE ACOUSTC rCMOSCOPE

The scannIng acoustic micro cope was developed at Stanford by
Calvin Quate and his co-workers.1 An early version of this micro-
scope la illustrated in Figs. 4 and 5. An acoustic transducer on
a sapphire or quartz substrate excites a plans wave. A spherical
hole is =t Into the opposite surface of the sapphire or quartz
substratae. This forms a spherical lens which produces a tightly
focused beam in water. The focused beam, which impinges on the
material being examined, is reflected from it and received back
again at the transducer. As the reflectivity of the material be-
ing examined varies with its surface properties, the intensity of
the received image from a small region controlled by the focused
beam will depend on the nature of the material being examined. A
tvo-dimensional image is obtained by mechanically scanning either
the sample or the transducer using essentially a loudspeaker move-
ment for a scan in one direction, and a slower mechanical scan for
the scan in the other direction. Thus, a raster image is obtained
which can be displayed on a video screen. The definition of the
system is comparable to the wavelength in water so that at a fre-
quency of 3 GHz , the definition is of the order of 4000-5000 A
with correspondingly poorer definitions at lower frequencies. De-
finitions of 300 A have been obtained with liquid helium as the
operating medilum.

The contrast of the image is determined not only by the re-
flectivity of the surface, but also by the phase of the reflected
waves, as illustrated in Fig. 6.2 Suppose the beam is focused so
that the focaL point is below the surface of the solid. It is
then possible for the lens to excite Rayleigh or surface waves on
the substrate, which can be reflected back to the lens and re-
ceived by it. Only certain rays from the lens cause Rayleigh wave
excitation. These rays are incident at an angle eR where

PULSE IRULTO

INPUT C OUTPUT ELECTRONICS

~ANO DISPLAYELECTRCA t.- CIRCULATOR
ATCH1NG -

N 'rWORK I, /-TRANSDUCER .

-/LENS

A- -__ -__ _ PF,;TC

- .. CA"NG

REFLECTING -8,ECT
MECHANICALLY SC.ANNEO

71g. 4. Schematic of acoustic microscope.

S. .-. . . .. " ° " " " " % " ' " " " " " . . . ' ." •" -". '' " '"- " " "*.. t "" -' " " "" €' " -' '" #°.



P
Po'

FAXIS

VOTER

Fig. 5. Mechanical scanning of the sample in tw4o dimensions is
accomplished in the present version of the Stanford
acoustic microscope by means of the apparatus depicted
here. The round disk holding the sample is displaced
horizontally 100-200 umn by a loudspeaker vibrating at
a frequency of 60 Hz. The vertical displacement of the
sample and the loudspeaker assembly are driven by a
direct-current electric motor (the vertical motion is
~much slower than the horizontal motion). The reflected
acoustic signals from the sample are processed elect'ro-
nically and are used to modulate the intensity of the
electron beam in a television monitor. The image is
formed by scanning the electron beam across the screen
in synchrony with the mtion of the sample across the
focal point of the acoustic beam. It is the ratio of
displacements of the two beams that determines the mag-
nification of the final image.
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Fig. 6. Specular and Rayleigh reflected waves in the acoustic
microscope.

sin OR  = VW VR

where VW is the acoustic wave velocity in water, and VR  is the
Rayleigh wave velocity on the solid.

As shown in Fig. 6, two sIgnal components arrive back at the
lens, those which follow the Rayleigh wave path and those which
are specularly reflected from the surface. These two sets of rays
can interfere with each other and may add in phase or out of
phase, depending on the distance z of the focal point from the
surface. As the lens is moved up and down, the voltage V(z) re-
ceived by the transducer varies with z . As the lens is moved
across a surface whose material properties vary, V(z) will vary.
Therefore, the contrast changes obtained with the microscope are
very sensitive to surface properties.

Fig. 7 is an illustraSion of an image of a metal film laid
down on a glass substrate. The optical images shown for compar-
ison and the images obtained at two different values of z are
also shown. It will be seen that the contrast changes with z
The poor adhesion of the metal films near their edges shows up
very clearly in the acoustic microscope pictures, but is not ob-
served optically. This is because the Rayleigh wave velocity
varies radically with the adhesion of the metal film. Consequent-
ly, acoustic microscopy techniques can be very useful for measur-
ing adhesion, b)nding and other mechanical3properties which are
difficult to evaluate by other techniques.

We have attempted to put acoustic microscopy on a more quan-
titative basis and have arrived at techniques for measuring the
phase and the amplitude of the reflected signal components separ-
ately.4 ,5 This makes it possible to determine the height and
width of surface features separately, as well as to determine sur-
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Fig. 7. Images of a metal film on glass. (a) An optical image.

(b) An image taken with a 2 GRz acoustic microscope. : .
(c) An image with a defocus distance of -0.5 Lm

face material properties from the measurement of the Rayleigh wave

velocity. It also makes it possible to carry out Fourier trans-
forms of the reflected image and other kinds of processing since
both amplitude and phase information are available. The technique

employed is illustrated in Fig. 8. A short tone burst is inserted
into the transducer and is reflected from it. The specularly-
ri:lected component arrives at a different time from the Rayleigh
wave component so that they can be measured separately. Using
this technique, we can determine the phase difference between
these tdo signals to an accuracy of 0.1 which corresponds to
being able to measure the Rayleigh wave velocity to one part in

In an alternative mode of operation, we excite a hollow beam
on an outer ring surrounding the lens. This beam is reflected

from the substrate and is used as a reference. We compare it with
the reflection from a focused beam whose focal point is at the
surface of the substrate. We can control the average height of
the transducer from the substrate by comparing the phase of the
signal returned from the reference beam (several millimeters in
diameter) with an external reference; we use a piezoelectric

1.
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Fig. 8. (a) Rayleigh wave velocity measurement. (b) Acoustic

microscope lens for topography profiling.

pusher to move the transducer up and down. As the transducer is

moved across the substrate, the phase of the specularly-reflected .a
focused beam (-30 um diameter) gives an accurate measure of the " ,
height of the region being observed. By this means, we can mea-
sure changes in height of the surface to an accuracy of X/3000
where X is the acoustic wavelength in water.

An example of work by Liang, Bennett, Khuri-Yakub and Kino is
shown in Fig. 9, in which these techniques were used to measure the
thickness of a 5000 A layer of altminum using 50 Hz acoustic
wav-s with a wavelength of 30 um . The Rayleigh wave technique
was then used to measure the velocity of a surface wave along the
aluminum, thus giving a measure of the material properties of the
surface.

The technique can also be used to measure the width of sur-
face features very accurately. Using the focused beam, and mea- %

suring its phase, we have been able to measure the width of sur-
face films whose widths are quite comparable to the spot size of
the beam. By using Fourier transform techniques, it is possible
to put these measurements on a highly quantitative basis in which
the results do not depend too critically on the fact that the
focus of the beam is exactly at the substrate.6 Thus, acoustic
microscopy and related scanning optical microscopy techniques can
be very useful In this application.
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Fig. 9. Measurements and topography of velocity perturbation
taken with a 50 MHz acoustic microscope.

SCANNING OPTICAL MICROSCOPE

After we were able to obtain good phase and amplitude infor-
mation directly with a scanned acoustic microscope, we were promp-
ted to see if we could duplicate this kind of operation with an
optical microscope. One of the problems with scanning optical
mic:iscopy, or any kind of quantitative microscopy for that mat-
ter, is that, because of the precision required, vibrations can
cause great difficulty in measurements. Therefore, a very solid
optical bench and other equipment are needed. One of our aims was
to eliminate this difficulty; another was to use modern electronic
signal processing techniques to measure phase to an accuracy of a
few degrees rather than using standard optical interference tech-
iques. This would make it possible to measure, simultaneously,
the width and height of surface profiles using the same system.
Presently, such measurements of width can typically be made with

one kind of device, and measurements of height with another, but
it is not usually possible to measure the height or thickness ac-
curately in regions of very small transverse dimensions.

.4
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Fig. 11. Theoretical and expeiimental phase profiles of a step
taken with plane wave illuminaat-on (solid line) and a

confocal lens. system (broken Line).

and f 0- f_ B respectively. The phdbe difference between thesetwo signls is equal to the optical phase difference of the two

reflected beams from the sample. By iassing the received beams

into a photodetector, a product signal is obtained from the photo-
detector at a frequency 2f3  whose amplitude depends on the am-

plitude of the scanned beam and whose phase is the phase differ-
ence of the signals of the two beams. We therefore have arrived

at a technique for measuring the phase and amplitude of the opti-
cal beamm, but carry out this measu ement at frequencies that can
be handled by electronic circuitry.

The actual system is somewhat more complicated because it is

necessary to provide a reference signal at a frequency 2f.
Since there is a phase change from the input signal to the Bragg

cell to the point where the optical beam is incident, and this
phase change varies with frequency, and hence deflection angle, it

is necessary to eliminate this error. We do this by using two in-
cident beams on the Bragg cell, as shown in Fig. lob, obtaining
the reference signal from the second set of beams. The second set

of beams is passed through a narrow aperture and therefore pro- e

duces two wide bems on the sample whose transverse size is per-
haps fifty times that of the well-focused spot. Therefore, as the
secondary set of reference beams is scanned by the Bragg cell, it
is not mch affected by fine changes in surface profile.

%"
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A major advantage of£ this reference system is that it is nei-
ther sensitive to vibration normal to the lens, or to tilt. The
operating system is so insensitive to these parameters that bang-
ing on the optical bench with a hand has very little effect.

Another advantage of such a scanned optical system is that,
because the same beam is used for transmission and reception, the
point spread function of the lens is squared. Hence, the sidelobe
levels are extremely low, and there is very little ripple when one u

observes sharp steps. We have carried out a detailed theory to
predict what should occur and have carried out measurements to
confirm our theory. Some simple results which were obtained for
the acoustic microscope are shown in Fig. 11. 4 5 As the beam is
passed over a step, the transition is extremely smooth as opposed
to what would be expected theoretically for a plane wave illumina-
tion, where the tiansition shows some ripple. The theoretical
profile to be expected for this confocal scanned system is shown -
as the dashed Line; the experimental results for the acoustic
microscope are shown as points. The agreement is excellent.

We have used this optical microscope to obtain the results
shown in Fig. 12; in these preliminary evperiments we measured a
step of 800 A of aluminum on aluminum. It will be seen that



the measured phase is in good agreement with what would be expec-
ted. The amplitude profile is only in fair agreement vith what
would be expected; later results indicata far better agreement
than shown here.

PEOTOACOUSTIC TECHNIQUES

Photoacoustic methods are ideal for measuring thermal prop-
erties of materials such as the integrity of a bond between a
silicon substrate and a heat sink, the lack of adhesion of a metal
film, the presence of near-surface defects in materials, and the
integrity and quality of current-carrying conductors. Related
techniques can also be useful for measuring electronic properties
of materials such as doping density profiles and recombination
rates of carriers. We shall describe here a subset of problems of
this nature which we have investigated. Other related pyoblems
are described in a paper in this issue by Stearns et al.

The technique we have employed is different from conventional
photoacoustic methods. Most commonly, a heat source such as a
modulated light beam is incident on a sample.8 This modulates the
near-surface temperature of the sample. In turn the thermal ex-
pansion and contraction of the material, caused by the change in
temperature, excite an acoustic wave in the material which is de-
tected with an acoustic transducer on the opposite side of the
sample. An alternative method, which has been used extensively,
is to measure the acoustic wave generated in the air above the
sample. .

In one example, shown in Fig. 13a, we excite an acoustic sur-
face wave with a wedge trangducer placed on the sample and receive
it on a similaFr transducer. The modulated light incident on the
sample changes its near-surface temperature. This temperature mo-
dulation in turn varies the phase of the received signal. Thus,
with this technique, the laser heating perturbs an acoustic wave
rather than excites one. A second method, shown in Fig. 13b, uses
an acoustic wave incident on the surface of the substrate from a
focused transducer in air; the reflected wave is received on a
second transducer. The phase change of the acoustic wave caused
by the temperature modulation of the air yields a direct measure-
ment of temperature. The technique is extremely sensitive and can
be operated over a broad band of frequencies. It also has the ad-
vantage that it can be used to localize the region being examined.
In another example of the technique, an acoustic microscope ex-
cites acoustic surface waves so that we can examine regions where
the temperature is modulated on the surface of a material. In
this case we obtain the transverse definition of the acoustic
microscope.

An accompanying paper by Stearns et al includes a discussion
on how these techniques can be exploited to Feasure the thermal
properties of silicon bonded to a heat sink. We shall therefore
not discuss thermal measurements any further. Instead, we shall
focus on the utility of alternative metho s which measure the
electronic properties of a semiconductor. K"
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TWO CONFIGURATIONS OF
THE MEASUREMENT TECHNIQUE

PHOTOACOUSTIC TECHNIQUE

LIGHT (a)
(MODULATED)

! _LIGHT HEATS SAMPLE

(b)
MODULATED

LIGHT ACOUSTIC
TRANSDUCER

S TEMPERATURE IS
S MODULATED BY

AIR :- LIGHT SOURCE

SAPLE

UGHT

(c)

AiL
SAMPLE ?

Fig. 13. Configuration of a photoacoustic measurement technique.
(a) Surface wave measurement with a wedge transducer.
(b) Acoustic transducer in air. (c) An illustration of
the path of a light beam and acoustic beams in air.

Suppose we use the configuration of Fig. 13a with argon light
incident on a silicon sample. In this case, the light will gene-
rate electrons and holes. The electrons and holes will, in turn,
perturb the acoustic surface wave velocity. The perturbation will
be proportional to the carrier density. As the frequency of mo-
dulation is increased, the phase perturbation will not change in
amplitude until the modulation frequency becomes comparable to the
recombination frequency of the carriers. At this point the ef-
fects begins to fall off. At very low frequencies temperature ef-
fects are also important.

Some results taken on a P-type silicon sample are shown in
Fig. 14. It is seen that the magnitude of the effect falls off,
as predicted. Furthermore, the phase of the perturbation relative
to the phase of the input chopping signal also changes, as illus-
trated in Fig. 14b. It will be seen that the phenomenon is well
understood, and the agreement between experiment and theory is
excellent.
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Fig. 14. Acoustic phase perturbatin in Si.

The technique, therefore, provides a method of measuring re-
combination rates of carriers in a small region of the semicon-
ductor. If an acoustic microscope is used for exciting the sur-
face waves, then no contact need be made to the semiconductor.

CONCLUSIONS

We have discussed a number of techniques for examination of
electronic devices. Due to limitations of space, we have concen-
trated on only a few of the available methods. The acoustic and
optical microscopes are very powerful tools for measuring mechani-
cal properties, adhesion surfaqe profiles, and sizes of small fea-
tures. Photoacoustic techniques are useful for measuring thermal
properties of materials; they can also be used for measuring elec-
tronic properties. Related techniques may be useful for measuring
dopinlprofiles in materials without making contact with the sur-
face. Other techniques, which employ acoustic waves excited in
air, are also being developed for measuring surface profiles. The
great advantage of these techniques is that the surface is not
contaminated by the probing technique itself.
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4~..-~-- general. P~,) is not 'Known a Orioni. -4owever,
P (Kz) can convenienltly e cali~ratei !)y inverting

the i(z) for a liquid/solid tnte''ace otiose re-
-6 A76 3,,m Il flectance his inifori ingnitide and phase over the

angular extent of tile lens pupil function. 7ne wa-

Ha_____________________ ter/lead boundary is one suchi example, Ind the 'mag-
1 B 6 24 02 40 itude and oriase of tne reflectance is essent'idl'!

flat from ' to 40* incidence.
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particular choice of' operating frequency range. P.

,he inversion of the V(z) is most conveniently-
carried out for a laisless liquid mnedium. The loss
in1 water is essentially negligible at 10 MIHZ , and '-

SO Satisfies this requirement. Moreover, the wave- 100-w.~ -,

length in water of about 150 ;m is sufficiently
large to render any irregularity and instability in
the vertical translation mechanismiInsignificant.
For the same reason, the measuremenit is less Sub- 00 A! 24 4
seCt to error as a result of surface finish imper-______________________
fections in the sample.-

Figure 5 shows the reflectance function of a --

water/fused silica interface Obtained :iy inverting
t]e corresponding V(z) and then normializing out

kz fthe transducer. The theoretical re-
flectance is also shown in the solid curve for
comparison. There is good general agreement be--_____________________
tleeen theory and experiment in Doth nlagnitlide and ~ 24* 4:

phase. The experimental shear critical angle at
i-23.5 and the Rayleigh critical angle at
i-25.3S- compare extremely well with theory. Fig. 6. Comparison of the theoretical and

The lonqitidinal critical angle is lot reproduced experimental reflectance functions for a
in the experimental result due to0 the angular re- water/aluminum interface.
iolution degradaition problem c~used Dy nhe spatial
truncation of the V(Z) data.- which corresponds to a longitudinal wave eelocity

of 2750 ii/s . The magnitude of the reflectance
rUSE0 SlL.CA peaks at 0.7 rather than I , as would tie the

case for a lossless substrate. 7he imount of 1i-
'a-- ilnution of the peak level depends on the loss for

-- - :~E ~the longitidinal mode. The theoretical cirve is
fitted to the experimental one tiy 4arying the 'on-

114 gitidinal loss fito is founa to oe -

about 50 , o whcn tr late into an ittenuatlon
coefficient of 232 nepers/m , or 20 1B/cnl at
10 w1MZ 11nicn agrees -tell with other puoi isheo .

3 values.
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the technique 1s essentilly insensitive to tne P

viaracterlstICS of the imaging system. L.ine widtMS 
1

comparable to a wavelength can be determined accjr-

&tely with this method.

'lew results onl material characterization by
tne inversion of complex V(z) data have also been
snown. The result of a more general ..nd non-par-

axial formulation, of the V(z) integral is givenl.
7his inversion technique reoresents a more coflpl~te
3oproacM to material characterization than pre-
wiows 1(z) related work. Phase velocities of
iarious ;)ropagating modes in tile naterial of inter-
est ;ati De determined from the reflectance fjr'c- .

*-)n. .ri addition, acoustic losses can also be
istmated.
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Recently, a gros deal of attention has been devoted to prob-
Is= of manufacturz4g technology. NDE techniques are beginning to
be considered and to be applied to problems of masuremenc of
structures during the manufacturing process, rather than only
determining whether there are Caults present after manufacture.
The major advantage of adopting such procedures is their cost ef-
fectiveness. Either espensive manufacturing processes need not be
carried out on Parts. which already have faults, or an earlier
process can be repeated to eliminate the fault before carrying out
further manufacturing steps.

Such problem occur o both large-scale devices familiar in
conventional NDE, and on small-scale devices such as semiconduc-
tors, diamond machined parts, and magnetic recording heads and
disks. The conventional 'ME techniques can prove extremely use-
ful, but they u-st be scaled down to the appropriate sizes.

We shall discuss, in this paper, measurements of surface fea-
tures, measurements of near-surface material properties, and to a

Limited extent, measurements of certain types of electronic prop-
erties of semiconductors. We will discuss techniques which we
have examined and w-ich may be of help, in particular, for use
with semiconductor devices and magnetic recording devices. We
sumarize some of the possibilities of measurement of semiconduc-
tors in Table 1. J4 consider first the problem of evaluating sur-
face profiles. A. Mipcal sequence of operations in the manufac-
ture of a semiconductor device is shown in Fig. 1. Layers of Si0,
are routinely used in semLiconductor devices. Holes are cut in
them by the photoresist process shown in Fig. 1. The photoresist
in this example is Laid down on top of the Si0 2 , and is exposed
photographically. A hole is cut in it by removing unexposed
photoresist with solvent; the Si0 2 in this region can then be
removed by etching. ln practice, multiple-layer systems can be

/'-. .. ''"' /',. ," ."". "/ ,' "." '" " '" _ ," ". " ',"' '- " "" " " "' ' " ". .". .'. . . . . ..- ' " '' " -' ' 
'



Table 1

SEMICONDUCTORS

Ea==ps of Needs for Surface Feature Measurements

Surface Profiles
Width and Thickness of Metal Films

Width of Roles in Phocoresist
Edge Profiles in Photoresist

Width of Roles in SiO 2
Thickness of SLOZ Layers

Other Needs

To mesure thermal bonds, film adhesion, carrier
recombination rates, and doping density

SIUC4 0IOE(a) SILICON SLICE WITH

SiLICON LIC E OXIDE FORMED ON
SURFACE

(b) PHOTORESiST LACQUER
UAPPLIED TO SURFACE

(c) PMOTORESIST EXPOSED
si N , -. ... TO ULTRAVIOLET LIGHT

THROUGH P'4OTOMASX

EXPOSED
1,=ARS. (d)UNEXPOSED PI4OTORESIST
SILICON OXI0o REMOVED WITH SOLVENT

PHOT3RT E - ()SILICON OXIDE REMOVED
SILICON OXN O 8Y ETCHING

TO LEAVE 'WINOCW"

IN SILICON OXIDE

Fig. I. SeLective oxide removal by, the photoresist process.

sade in this way, and it is obviously of importance to be able to
zeasure the width of the holes so cut, the shape of the edges of
the holes, and the thickness of the individual layers that are
being formed.

I'1



Further steps in the process my be carried out, an illus-
trated in Fig. 2. Similar kinds of measurements are required at
each step. Each of the features that must be masured are pre-
sently of the order of one to a few micrometers in width; as pro-
gross is mde, the requlrements become ore and more severe, dovn
to 0.5 um or even lose. As there may be several hundred thou-
sand devices built on one chip, it is impractical, regardless of
the measurement system used, to measure every device on the chip;
the information content is too large. What can and should be done
is to measure test samples on each chip to evaluate whether the %
processing methods employed are working correctly.

A similar set of problem occur with magnetic recording disks
and heads. A simplified illustration of such a recording disk and
head is shown in Fig. 3, listing some of the properties that need
to be measured. In magnetic recording, the magnetic recording
head floats on an air bearing a few thousand Angstrom away from
the disk on which the recording is made. The disk is typically of
aluminum with a -1 um thick Layer of ferrite-filled epoxy laid
down on it. The thickness of the air gpp is of great importance.

n (a) OXIoIZEo fl-TYPE SILICON SLICE

SILICON OXIDE
(b) BASE WINDOW OPENED IN OXIDE

BY FIRST PHOTORESIST
PROCESS SEQUENCE (FIG. 2.6)

- (C) P-TYPE SASE DIFFUSED IN.AND NEW OXIDE FORMED

(d)EMITTER WINDOW OPENED BY
SECOND PHOTORESiST SEQUENCE

- (e) n-TYPE EMITTER oIFFUSED IN,
n AND NEW OXIDE FORMED

n,

M-, (f) M ASE AND EMITTER CONTACT
________________ WINDOWS OPENED IN OXIDE BY .

THIRD PHOTORESIST SEQUENCE

"" (g)ALUMINUM CONTACTS EVAPORATED
~ ON AND OEFINED BY THIRD

1...4fl4 PHOTORESiST SEQUENCE

. . (h) SLICE CUT INTO WAFERS. EACH
0:j "WAFER MOUNTED

.
/

Fig. 2. Steps in the diffused planar process. 4"
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I.

FLOATING HEAD

S.

Al DISC

Fig. 3. SimpWited schematic of a magnetic disk and head. Need
to measure: surface waviness, roughness, thickness of
epoxy, filling factor, air gap, head surface, stress pro-

file.0

The filling factor of the epoxy ust be known and the thickness
and vavinese of this layer muast be controlled very carefully. '5

Furthermore, in order to stop the head from "crashing" on the disk

as the disk slow down, ceramic particles are distributed in the

epoxy on which the head can rest. Other problems occur in the

manufacture of the head itself. Stress in the ceramic material of .

the head can cause it to bow. Careful control of its surface
finish and its flatness are -required, as well as masurements of
the air gap between the disk and the head and measurements of the

disk itself.

The types of sensors which can be used to make the required l

measurements are varied, but are basically scaled down versions of

the sensors normally used in NDE applications. Thus, the optical ,
and acoustic sensors required typically become microscopes of one ,

kind or another, as often the photoacoustic sensors become. &
sumary of the types of sensors that could be used is given in

Table 2.

We shaLl now discuss some examples of the sensors which can

be used and which we have tried in simple applications.

Table Z

TYPES OF SENSORS

Oati~cal: Scanning and Standard Microscopes

Acoustic: R.ange Sensors, Scanned Microscope.

Acoustic Wave Propagates in Solids,
Liquids, or Air.

Photoacoustic: Measures Thermal Effects in Solids,

Liquids and Air. Also Measures Electronic
Effects in Semiconductors.

I-,
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The stg acoustic micro cope was developed at Stan~ford by
Calvin (Qnata. and his co-yorkers * An early versi£on of this micro-
scope is illustcrated in Figs. 4 and 5. An acoustic transducer on
a sapphlra or quartz substrate excites a plane wave. A spherical
hole is a=c into the opposite surface of the sapphire or quartz
substrate. This form a spherical lens which produces a tightly
focused beam. in water. The focused beau, which impinges on the
material. being exanined, is reflected from it and received back
again at the tznsducer. As the reflectivity of the material be-
ing ezamined, varies with its surface properties, the intensity of
the received Imge from a smll region controlled by the focused
bea will depend on the nature of the material being examined. A
two-dimmensonal image is obtained by mechanically scanning either
the sample or the transducer using essentially a loudspeaker move-
ment for a scan in one direction, an&. a slower mechanical scan for
the scan in the other direction. Thus, a raster image is obtained
which can be displayed on a video screen. The definition of the
system is comparable to the wavelength in water so that at a fre-
quency of I Gz , the definition is of the order of 4000-5000 A
with corraspondingly poorer definitions at lower frequencies. De-
finitions of 300 A have been obtained with Liquid helium as the
operating mediumi.

The contrast of the image is determined not only by the re-
flectivity of the surface, but also by the phase of the reflected
waves, as illustrated in Fig. 8-Z Suppose the beam is focused so
that the focal. point is below the surface of the solid. It is
then possible for the lens to excite Rayleigh or surface waves on
the substrace, which can be reflected back to the lens and re-
ceived by it.. Only certain rays from the lens cause Rayleigh wave
excitation. these rays are incident at an angle e R where

IPU~T ff

-o r TO OUTPUT
INPUT OUTPUT ELCTRI~oCS

ELECTRICAL -C2RCULATOR NDIPA
WATCH ING
NIETWORK

,-'TRANSDU~CER

40 - - I-
2 - ____REFLECATION

'~V~J/,I %~~ ' COATING

\REFLECTING OS6jECT
MECHANICALL.Y SCANNED

Fig. 4. SdhImtic of acoustic microscope.
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Fig. 3. ,Mechanical scanning of the sample in two dimensions is
accomplished in the present version of the Stanford -
acoustic m icroscope by naa-ns of the apparatus depicted""

here. The round disk holding the sample is displaced".'
horizontally tOO-Z00 ',m by a loudspeaker 'ribrating at

a frequency of 60 Uz. The vertical dispLacement of the".
samp le and the loudspeaker assembly are driven by a
direct-current lectric notor (the vertical :scion is
ach slower than the horizontal, noton). The reflected.,
acoustic signls from the sample are processed electro- '
nically and are ised to modulate the intensity of the •
electron beam in a television monitor. The image is
formed by s-anning the electron beam across the screen
in synchrony with the motion of the samples across the
focal point of the acoustic beam. It is the ratio of
displ~acements of the tw o beams that determilnes the nag-
nification of the final image. -
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Fig. 6 Specular and Rayleigh reflected waves in the acoustic
microscope.
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iO001 Cr ON GLASS (POOR ADHESION)

(a) OPTICAL

J2U..
mow,

(b) AJOSTICZ__-/.. i . (c) ACOUSTIC Z--a

Fig. 7. Images of a mtal film on glass. (a) An optical image.
(b) An image tak with a 2 GRz acoustic microscope.
Cc) An image wihadefocus distance of -0). 5m U

face material properties from the measurement of the Rayleigh wave
velocity. It also makes it possible to carry out Fourier trans-
forms of the reflected image and ocher knds of processing since
both amplitude and phase information are available. The technique
employed is illustrated in Fig. 8. A short tone burst is inserted
into the transducer and is reflected from it. The specularly-
re Iected component arrives at a different tim from the Rayleigh
wave component so that they can be measured separately. Using
this technique, we can determine the phase difference between
these two signals to an accuracy of 0.1' which corresponds to
en g able to measure the Rayleigh wave velocit7 to one part in

10 . %

In an alternative mode of operation, we excite a hollow beam
on an outer ring surrounding the lens. This beam is reflected
from the substrate and is uled as a reference. We compare it with
the reflection from a focused beam whose focal point is at the
su race of the substrate. We can control the average height of

the transducer from the substrate by comparing the phase of the
signal returned from the reference beam (several millimeters in
diameter) with an external reference; we use a piezoelectric
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SPIEC1LAIR REFERENCE
REFLECTION KEAM

RAYLEIGH / POOuSED BEAM
, er WAVE INPUT F A9EAM

PtJLS,,. W- PULSE VV %--I-
TOP ELECTRODE

L.......... ,-- O OR LiNbO3

USED LENS
& QUARTZ

Z OUTER RING
FOR REFERENCE

WATERSIGONAL

SAMPLE //,//,///
LEAKY /FOCUSED SEAM

SAWY FOR HEIGHT
SAW MEASUREMENT

(a) (b) J'

Fig. 8. (a) Rayleigh wave ve1,ocity measurement. (b) Acoustic
microscope lens for topography profiling.

pusher to nave the transducer up and down. As the transducer is %

meved acrAos the substrate, the phase of the specularly-reflected
focused bes (-30 vm diameter) gives an accurate measure of the " -

height of the region being observed. By this means, we can ma-
sure changes in height of the surface to an accuracy of X/3000
where X is the acoustic wavelength in water.

An eample of work by Liang, Bennett, lhuri-Yakub and Kino is a*
shown in Fig. 9, in which these techniques were used to measure the P.

thickness of a 5000 A layer of altminum using 50 .9z acoustic
waves with a wavelength of 30 um . The Rayleigh wave technique
was then used to measure the velocity of a surface wave along the
alumi-1, thus giving a measure of the material properties of the
surf ace.

The technique can also be used to measure the width of sur-
face features very accurately. Using the focused beam, and mea-
suring its phase, we have been able to measure the width of sur-
face film whose widths are quite comparable to the spot size of
the beam. By using Fourier transform techniques, it is possible
to puc these measurements on a highly quantitative basis in which
the results do not depend too critically on th: fact that the
focus of the beam is exactly at the substrate.' Thus, acoustic
aicroe*py and related scanning optical microscopy techniques can
be very useful in this application.
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Fig. 9. Measurements and topography of velocity perturbation
taken with a 50 Mfz acoustic microscope.

SCAMRING OP'TICAL MICIISCOPI

A.fter vc were able to obtain good phase and amplitude tnfor-
macion directly with a scanned acoustic microscope, we were promp-
ted to see if we could duplicace this kind of operation with an
opctial microscope. One of the problems with scanning optical

aic scopy, or any kind of quantitative microscopy for that mat-
tsr, is that, because of the precision required, vibrations can

cause great difficulty in measurements. Therefore, a very solid
optical bench and other equipment are needed. One of our aims was

to eliminate this difficulty; another was to use modern electronic
signaJ processing techniques to measure phase to an accuracy of a
few degrees rather than using standard optical interference tech-
niques. This would make it possible to measure, si=ltaneously,
the width and height of surface profiles using the same system.

Presently, such measurements of width can typically be made with

one kind of device, and measurements of height with another, but
it is not usually possible to measure the height or thickness ac-
curately in regions of very small transverse dimensions.
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Fig. 1. Theoretical and expeftiental phase profiles of a step
taken with plane wave illumination (solid line) and a
confocal lens system (broken line).

and f- - f , respectively. The pIlhe difference between these
two signals is equl to the optical phase difference of the two
reflected beam from the sample. By passing the received beams
into a photodetector, a product signal is obtained from the photo-
detector at a frequency ZfS whose amplitude depends on the am-
plitude of the scanned beam and whose phase is the phase differ-
euce of the signals of the two beams. We therefore have arrived
at a technique for masuring the phase and amplitude of the opti-
cal bea, but carry out this measu ement at frequencies that can
be handled by electronic circultry.

The actual system is somewhat more complicated because it is
necessary to provide a reference signal at a frequency 2f3
Since there is a phase change from the input signal to the Bragg

cell to the point where the optical beam is incident, and this
phase change varies with frequency, and hence deflection angle, it
is necessary to eliminate this error. We do this by using two in-

cident beam on the Bragg cell, as shown in Fig. lOb, obtaining
the reference signal from the second set of beams. The second set
of beame is pastled through a nar w aperture and therefore pro-
duces two wide beams on the sampla whose transverse size is per-
haps fifty times that of the well-focused spot. Therefore, as the
secondary set of reference beams is scanned by the Bragg cell, it
is not much affected by fine changes in surface profile.
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Fig. 12. Amplitude and phase variation across an aluminum step on

a mecallized substrate. The phase seep indicates a
height of 820 A

* A major advantage of this reference system is that it is nei-
ther sensitive to v-ibration normal. to the lens, or to tilt. he
operating system is so insensitive to chese parameters that bang-
ing on the optical bench with a hand has very little effect.

Another-advantage of such A scanned optical system is that,
because the sam beam is used for transmission and reception, the
point spread function of the lens is squared. Rence, the sidelobe
Levels are extremely low, and there is very little ripple when one
observes sharp steps. We have carried out a detailed theory to
predict what should occur and have carried out measurements to
confirm our theory. Some simple results which were obtained for
the acoustic microscope are shown in Fig. tt. ' 5 As the beam is
passed over a step, the transition is extremel7 smooth as opposed
to what would be expected theoretically for a plane wave Illumine-
tion, where the transition shows some ripple. TAhe cheoretical
profile to be expected for this conJocal scanned system is shown

as the dashed Line; the experimental results for the acoustic
microscope are shown as points. The agreement is excellent.

We have used this optical microscope to obtain the results
shown in Fig. 12; in these preliminary eaperiments we measured a
step of 800 A of aluminum on aluminum. It will be seen that
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the measured phase is in good agreement with what would be expec-

ted. The amplitude profile is only in fair agreement vith what

would be expected; Later results indicate far better agreement
than shown here.

PROTOACOUSTIC TECHNIQUES

Photoacouetic methods are ideal for measuring thermal prop- 4%

erties of materials such as the integrity of a bond between a
silicon substrate and a heat sink, the lack of adhesion of a metal
film, the presence of near-surface defects in materials, and the
integrity and quality of current-carrying conductors. Related
techniques can also be useful for measuring electronic properties
of mterials such as doping density profiles and recombination
rates of carriers. We shall describe here a subset of problem of
this nature which we have investigated. Other related pfoblems
are described in a paper in this issue by Stearns et al.

The technique we have employed is different from conventional
photoacoustic methods. Host comonly, a heat source such as a
modulated Light beam is incident on a sample.8  This modulates the
near-surface temperature of the sample. In turn the thermal ex-
pansion and contraction of the material, caused by the change in
temperature, excite an acoustic wave in the material which is de-

tected with an acoustic transducer on the opposite side of the
sample. An alternative method, which has been used extensively,
is to measure the acoustic wave generated in the air above the
sample.

In one example, shown in Fig. 13a, we excite an acoustic sur-
face wave with a wedge trantducer placed on the sample and receive

it on a siallar transducer. The modulated light incident on the
sample changew its near-surface temperature. This temperature mo-

dulation in turn varies the phase of the received signal. Thus,
with this technique, the Laser heating perturbs an acoustic wave
rather than excites one. A second mthod, shown in Fig. 13b, uses
an acoustic wave incident on the surface of the substrate from a
focused transducer in air; the reflected wave is received on a
second transducer. The phase change of the acoustic wave caused

by the temperature modulation of the air yields a direct measure-
ment of temperature. The technique is extremely sensitive and can
be operated over a broad band of frequencies. It also has the ad-
vantage that it can be used to localize the region being examined.
In another example of the technique, an acoustic microscope ex-
cites acoustic surface waves so that we can examine regions where
the temperature is modulated on the surface of a material. In
this case we obtain the transverse definition of the acoustic
microscope.

An accompanying paper by Stearns et al includes a discussion
on how these techniques can be exploited to Feasure the therzal
properties of silicon bonded to a heat sink. We shall therefore
not discuss thermal measurements ^ny further. Instead, we shall
focus on the utility of alternative methols which measure the
electronic properties of a semiconductor.
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TWO CONFIGURATIONS OFTHE MEASUREMENT TECHNIQUE

PHOTOACOUSTIC TECHNIQUE

LIGHT (a) -.
(MOOULATEO)

IGHT HEATS SAMP.E!

(b)
MODULATEDLIGHT ACOUSTIC

~ ~ TR ANSDUCER
S TEMPERATURE is

MOULATED By
AIR LIGHT SOURCE

= SAMPUE7

(C)

SAMPL.E h

Fig. 13. Configuration of a photoacoustic measurement technique.
(a) Surface wave measurement with a wedge transducer.
(b) Acoustic transducer in air. (c) An illustration of
the path of a light besmi and acoustic beam in air.

Suppose we use the configuration of Fig. 13. with argon light
incident on a silicon sample. In this case, the light wjil gesne-
rate electrons and holes. The electrons. and holes will, in turn,
perturb the acoustic surface wave velocity. The perturbation will
be proportional to the carrier density. As the frequency of mo-
dulation is increased, the phase perturbation will not change in
amplitude until the modulation frequency becomes comparable to the
recombination frequency of the carriers. At this point the ef-
facts begins to fall off. At very low frequencies temperature ef-
fects are also important.

Some results taken on a P-tyrpe silicon sample are shown in
Fig. 14. It is seen that the magnitude of the effect falls off,
as predicted. Furthermore, the phase of the perturbation relative
to the phase of the input chopping signal also changes, as illus-
trated in Fig. 14b. It will be seen that the phenomenon is vell
understood, and the agreement between experiment and theory is
excellent.
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Fig. 14. Acoustic phase perturbatin in Si.

The technique, therefore, provides a method of measuring re-
combination rates of carriers in a small region of the semLcon-
duccor. Lf an acoustic microscope is used for exciting the sur-
face waves, ther no contact need be made to the semiconductor.

CONCLUSIONS

We have discussed a amber of techniques for examination of
electronic devices. Due to limitatious of space, we have concen-
trated on only a few of the available methods. The acoustic and
optical microscopes are very powerful tools for measuring mechani-
cal properties, adhesion surfaqe profiles, and sizes of small fem-
tures. Photoacoustic techniques are useful. for measuring thermal
properties of materials; they can also be used for measuring elec-
tron c properties. Related techniques may be useful for measuring
dopinfOprofiles in materials without making contact with the sur-
face. Other techniques, which employ acoustic waves excited in
air, are also being developed for measuring surface profiles. The
great advantage of these techniques is that the surface is not
contaminated by the probing technique itself.
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